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Abstract 
A review of Australian Orthopaedic data showed that aseptic loosening was the leading cause of 
prosthetic failure over the past five years, marginally exceeding loosening of the acetabulum. This 
study looks at identifying and evaluating the feasibility of proposed improved approaches to the 
femoral stem and the insertion process. The primary theory being tested is that the use of polymer 
coatings on femoral stems in conjunction with pre-cooling can yield improved results in tribo-
performance and force distributions due to lower coefficients of friction, lower compressive strengths 
and lower shock transfer loading than traditional implant materials. The novel addition of temperature 
control will allow for the femoral stem to be physically smaller during the insertion process, then being 
allowed to expand to the full size once inserted in the body will reduce the mechanical damage and 
risk of fracture during insertion. The theoretical study is designed as a precursor before detailed 
designing, prototyping and live testing of polymer coated, pre-cooled femoral stems.    
 
The study consisted of two key components, a material selection and a Finite Element Analysis (FEA). 
The key decision criteria of the material selection were to achieve mechanical properties closest to 
that of bone using the physical properties methodology. The highest performing material under this 
criterion was PEEK, followed closely by all other polymers already assessed as biocompatible by 
industry. The validation through simulation results showed that LDPE outperformed PEEK when it 
came to this testing.  
 
The FEA was conducted to validate and quantify the benefits of the material selection and pre-cooling. 
Polymer materials showed a more even distribution of displacement, stress and strain. The polymers 
showed approximately 0.08mm of deformation, whereas the titanium has deformation values of 0 to 
0.01mm. The distribution of stress was also far closer in the polymers when compared to titanium and 
zirconia. The addition of pre-cooling showed a reduction of deformation of up to 5% (0.0125 mm) at 
5oc for polymers but was negligible for Titanium stems. For the amount of effort required to pre-cool 
to fridge temperatures, this shows an extremely simple but promising change in the surgical procedure 
when polymers were used.  
 
Polymer coatings on a titanium stem were found to be structurally stable with a factor of safety of at 
least 2 when supporting a force up to 10x of a 100kg person (10kN load). The results of this dissertation 
are extremely positive and stand as a sound grounding to further investigation including 
manufacturing and prototyping of real models which will allow for live testing. Continued research 
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Bone resorption - The process by which the body breaks down the tissue in bones and releases the 
minerals  
 
Micromotion – Small motions that can be present in a prosthetic 
 
Osseointegration – The direct structural and functional connection between living bone and the 
surface of a load bearing implant 
 
Trabecular bone (also known as cancellous bone) – The internal layer of bone, often softer and 
more porous than the external layer  
 
Cortical bone – The external layer of bone, often harder and less porous than the internal layer  
 
Osteogenesis – A bone disorder than can create brittle and weak bones, periodically found at the 
bone-prosthetic interface 
 
Periprosthetic osteolysis – An inflammatory response by the body caused by implant derived 
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Chapter 1: Introduction 
1.1 Background  
The project topic has been chosen as a self-proposed idea to the University of Southern Queensland 
Faculty of Engineering. The original intent of the project was to learn more about prosthetic hips whilst 
making a scientific contribution to prosthetic hip improvements as I personally know two patients of 
total hip arthroplasties who are under the age of 50. 
 
First performed in the 1920s, total and partial hip replacements are one of the most successful surgical 
procedures with great success rates and improvements to the quality of life (Knight et al. 2011) The 
prosthetic hip industry has rapidly grown over the last 20 years. Since 2003, total hip replacement 
rates are up over 70% (Australian Orthopaedic Association 2020). As demand has increased, so has 
the requirement to optimise the procedures and the design life of implants.  
 
The natural hip joint is a simple ball and socket joint, designed to transfer the force of the body through 
to the limbs and move and transfer forces in multiaxial directions. Hips may suffer damage from a 
traumatic injury, wear and tear, or most commonly due to degradation due to osteoarthritis. A hip 
arthroplasty involves the surgical intervention of the degrading or damaged hip joint to remove and 
replace the failing head of the femur and acetabulum with mechanical components. The primary 
failure mode of prosthetic hips within Australia is aseptic loosening, which requires a total hip 
arthroplasty to be conducted to rectify. While the substantial improvements made over the past 100 
years have improved patient outcomes, modern technologies provide extensive opportunities for hip 
replacements into the future.  
 
 
1.2 Project purpose  
The purpose of this project is to investigate the prosthetic hip insertion process to determine if there 
are mechanical aspects that can be improved to reduce the long-term risk of aseptic loosening. The 
research seeks to take engineering solutions used in other engineering problems and apply them to 
biomedical engineering to identify potential areas for optimisation. The key aspects to be analysed 
are pre-cooling femoral stem inserts, pre-lubricating femoral stem inserts and analysing theoretically 
sound alternative materials optimise the tribology of the stem during the insertion process. If 
successful, the project changes will minimise damage or trauma on the femur, giving it the best chance 
of a quick and healthy recovery that also provides long-term stability and implant success.  
 
 
1.3 Project objectives  
There are four key objectives in this research project. These are; 
• Quantifying the outcomes of pre-cooling prosthetic hips for cementless femoral stem implants 
• Quantifying the outcomes of pre lubricating prosthetic for cementless femoral stem implants 
Justin Walsh ENG4111/4112 – Research project  
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• Analysing if there are any material changes that can be made to the femoral stem to optimise 
the mechanical aspects of prosthetic hip insertion, specifically the bone-implant surface 
interaction (tribology) 




1.4 Project overview  
Chapter 1 (Introduction) – The introduction presents the purpose, anticipated outcomes, hypothesis 
and outline of the project.  
 
Chapter 2 (literature review) – The aim of this section is to review all of the data to determine the 
exact direction of study. The literature review is utilised to gain a background understanding of 
prosthetic hips, their materials, failure modes and the general availability research data.  
 
Chapter 3 (Material selection and tribology optimisation) – An important aspect of optimising the 
insertion process is determining if the materials are effective. This section investigates the key 
considerations for material selection, assigns their properties and then uses a decision matrix to select 
a material.  
 
Chapter 4 (Australian Orthopaedic Data) – Data from the Australian Orthopaedic association which 
was used for choosing the direction of the thesis is displayed in this section.  
 
Chapter 5 (Methodology) – This section details the methodology and general approach to the project 
taken.  
 
Chapter 6 (Finite Element Analysis) – This section provides the first stage of quantitative validation for 
the project. This project is designed to be a desktop review due to resourcing restrictions and impacts 
of COVID-19.  
 
Chapter 7 (Results) – This section will discuss the outcome of the material selection and a review of 
the quantitative Finite Element Analysis. 
 
Chapter 8 (Conclusion) – This section will provide a brief overall summary of the project, including key 




1.5 Project implications  
The aim of this project is to investigate and quantify simulation data for the feasibility of polymer 
coated femoral stems. The potential positive consequences of this project are an improvement to the 
prosthetic hip insertion process, producing less mechanical damage (trauma) to the patient, improving 
recovery times. By improving the tribo-performance, the prosthetic will be able to be inserted more 
easily which in turn makes recovery less painful as well as quicker. In addition to tribo-performance, 
the interaction between the bone and implant is hoped to be improved due to similarity in material 
properties, which will reduce other phenomenon such as stress shielding, a known common cause of 
prosthetic hip failure. If this is successful, tens of thousands of Australians every year will have 
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implants that cause less pain, recover quicker and last just as long, if not longer with less chance of 
failure. The ideal outcome is that this reduced pain and recovery will not come at the cost of the 
expected life of the component, however future testing would be required to prove this theory and it 
is outside the scope of this dissertation.  
 
Should this project be successful, the findings should stand as a basis for future studies, including 
physical prototyping and live testings to be conducted. At that stage, a strong ethical case will be 
required, with this report standing as supporting data, to progress to live testing. Should the project 
be unsuccessful, it will stand as cause to not put an animal or people through unnecessary testing that 
will reap little reward for the pain induced. Although successful and unsuccessful outcomes are 
possible in the research aspect, both outcomes are valuable, as it will either prove or disprove the 
theory, with positive flow-on consequences.   
 
The initial stages of this project carry no ethical implications. Although this study relates to the human 
body, it is entirely theoretical, meaning there is no requirement for any human or animal testing, 
eliminating any ethical dilemma. The study will require academic integrity and ethical reporting of 
citations and research undertaken. Academic integrity plays a key role in the successful completion of 
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Chapter 2: Literature review 
A detailed review of current literature has been undertaken to identify any significant gaps relating to 
prosthetic hips. Upon beginning the literature review, the original intent was to investigate if there 
have been any comprehensive reviews of the Australian Orthopaedic Association annual failure and 
revision rate data and utilising this review to find a targeted way forward in respect to designing new 
components. The data and literature review highlighted that there were significant areas for 
improvement with the prosthetics industry and are detailed throughout this report.  
 
 
2.1 Background  
Over the last 150 years, the life expectancy of general population has increased from 50 to 80 years 
of age. Improvements in medical technology, including vaccines, diabetes and heart disease 
treatments have contributed to this growing success (Office for national statistic, 2015). However, 
with these medical advancements, non-life-threating health issues must now be addressed to 
maintain quality of life during these extra years. Increased life span has increased the demand for 
prosthetic joints as well as the expectation for them to last longer as patients live longer. According to 
the Australian Orthopaedic Association, the demand for hip replacements has increased by over 70% 
between 2003 to 2017. 
 
The human body is an incredibly complex system that is yet to be fully understood. When isolating 
different parts of the body, some parts can be simplified and analysed as mechanical components. 
The hip joint is one of those components. In essence, it is little more than a ball and socket joint. It 
provides a rare instance where the prosthetics can be investigated from a largely engineering and 
mechanical perspective. However, to be able to highlight areas for improvement in design, 
manufacturing and testing, an in-depth knowledge of how the joint operates and integrates with the 
rest of the body is required. This is imperative to determine how the component is designed to 
function and where potential failures in prosthetics could occur. 
 
 
2.2 Hip joint anatomy 
Understanding the hip joint geometry as a component of the overall skeletal system within the human 
body is crucial for successful prosthetic design and improvements. The hip plays a critical role in 
transferring the entire weight of the torso through to the legs to allow movement (Madeti & Rao 
2014). The hip and shoulder joints are the only two synovial ball-and-socket joints in the human body, 
which enable the range of motion for these extremities of the body (Innerbody 2017). The two main 
components of the ball and socket within the hip are the femoral head (ball), located at the end of the 
femur and the acetabulum (the socket), located within the pelvis. The hip joint is supported by 
fibrocartilage structures, cartilage layers, capsular ligamentous structures, muscles, tendons and the 
neurovascular system. Due to the scope of the project, only the components that are replaced with 
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2.3 Failures modes of the natural hip  
Osteoarthritis is the most common chronic joint condition and affects up to 10% of the population 
over their lifetime (Webmd, 2020). Though osteoarthritis can affect people of all ages, it is considered 
a degenerative, or ‘wear and tear’ disorder and therefore most commonly affects older citizens. 
Osteoarthritis is the breakdown of cartilage in the joint, resulting in a bone on bone contact surfaces, 
causing pain and stiffness in the hip as well as damaging the affected bone structure (Healthline, 

















Figure 3: Damage from osteoarthritis 
Figure 2: Forces on the femur (Bergmann et al. 2016) 
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Many treatments and preventative measures can be undertaken for osteoarthritis (OA). Though not 
all stages of OA require immediate and surgical treatment, data has shown that as many as 80% of 
people will see a radiographic change due to osteoarthritis by the age of 75. The risk factor of surgery 
becomes more significant with age (Cleveland medical clinic, 2020). A study completed by Zhang Et Al. 
(2005) and a large body of medical professionals including orthopaedic surgeons and epidemiologists 
from 14 European countries was completed to determine the most popular and successful treatments 
to date. Their research also provided recommendations on the most effective solution (Zhang, et al., 
2005). The results of their study gave the recommendation of the total hip arthroplasty (THA) as the 
most effective OA treatment, more commonly known to the public as a total hip replacement. The 
THA accounted for 60% of the treatment methods, making it by far the most popular and when 
conducted successfully, can be cost effective and almost instantaneously result in a dramatic increase 
in quality of life.  
 
Though osteoarthritis is the most common cause of degradation resulting in the requirement for a 
THA, other medical situations can arise. Some of these include damage due to dislocation of the hip, 
severe damage to the surrounding muscles due to impact or infection, damaged cartilage and 
fractured or damaged bones. The level of damage caused to the hip, either through arthritis or others 
means will determine whether a hip replacement procedure is required.  
 
 
2.4 Hip arthroplasties 
Hip replacements are classified into three main categories: a partial hip arthroplasty, a total hip 
arthroplasty and a revision. A partial hip arthroplasty requires only the femoral head or the acetabular 
to be replaced or resurfaced. When both components must be replaced, a total hip arthroplasty is 
performed. When there has been a failure in one or both components of the prosthetic implanted, a 
revision is required (Merriam-Webster, 2020). The figure below shows a partial hip arthroplasty on 














 Figure 4: Partial and total hip arthroplasty 
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According to the Australian Orthopaedic Association (AOA), the most common surgery undertaken is 
the THA. The THA has three commonly used approaches; the anterior, lateral and posterior 
approaches. The most common surgical method of a THA is the direct lateral approach. This method 
has grown in popularity due to the low dislocation rates observed by clinical follow-up studies 
(Masonis and Bourne 2002). During the direct lateral approach, an incision is made through the 
surface tissue, where the gluteus maximus muscle and gluteus medius muscle are parted, exposing 
the joint capsule. Once exposed, the hip is dislocated, the bone is surgically removed and cavity 
remade to allow the prosthetic to be inserted. The prosthetic acetabular is commonly fastened into 
the hip using screws, a biocompatible cement or an interference fit (Ong, 2012). Current practice 
indicates that screws are often used in younger patients which are easier to replace if a total revision 
is required. When performed correctly, a hip replacement should have a life span in excess of 20 years 
and greatly reduce pain while improving quality of life (Payne, 2017). The figure below displays an 
image of the different types of hip replacements that can be undertaken supplied in the Australian 






















According to the Australian Orthopaedic Association, there were 643,567 hip replacements reported 
in 2018. At the time of writing, the 2019 data is yet to be released. This represents an increase of 8%, 
or 49,764 from 2017 (AOA, 2019). Table 1 below shows the breakdown of procedure type in 2018.  
 
Figure 5:Types of hip arthroplasties 
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2.5 Failure modes of prosthetic hips  
The Australian Orthopaedic association identifies four major causes of failure in prosthetic hips that 
require a revision surgery. These are loosening, infection, dislocation and fracture. The AOA 2019 
Annual Reports failures resulting from wear account for only 2% of the annual revision rates. Wear 
has historically been a key failure mode of prosthetics and has been studied and reported on 
extensively by a multitude of scientists, such as a paper produced by Karachalios et al. 2018 displaying 
the full effects of wear. Despite being such a low failure rate and without being able to quantitively 
supply data on the available studies, a significant portion of the available resource is being directed 
towards wear, displaying a less than ideal use of resources. In 2018, the most common cause for a 
prosthetic hip revision in Australia was due to loosening (37.1% of all cases). This was followed by 
infection (16.4%), dislocation (14.4%) and fracture (11.7%). The data provided by the AOA provides a 
key indicator that further study is required when it comes to combatting aseptic loosening.  
 
The primary failure mode of prosthetic hips that require a partial or total revision is aseptic loosening 
(American Academy of Orthopaedic Surgeons 2017). When the hip joint is replaced, the acetabulum 
(socket in the hip) is replaced with a metal or ceramic insert. The prosthetic is then firmly fastened 
into the hip by either a biocompatible cement or screws, or being inserted with a press fit. A similar 
process is undertaken for the femoral stem which requires the same methods of fastening. In all cases, 
long-term stability requires some level of bone ingrowth to generate the best results. In some cases, 
the press-fit may cause damage, limiting the bone ingrowth to minimal amounts, resulting in 
premature loosening. Biological responses can also be attributed to preventing bony ingrowth. 
Osteolysis is caused when the immune system responds to foreign debris, such as plastic or metal, 
and attacks the bioincompatible material. A by-product of the immune system response is the 
degradation of the bone and implant, causing loosening and requiring a revision.  Impact, wear and 
long-term general use can also be attributed to failure, though often the exact root cause cannot be 
identified. The result of hip loosening is a loose, painful hip that is unable to heal by itself, requiring 
the prosthetic hip to be replaced. Aseptic loosening will be looked in more detail throughout this 
paper.  
 
The second most frequent cause of premature failure of prosthetic hips is infection. Infection is 
considered a risk of any medical procedure, whether large or small. Infections occur when harmful 
Table 1: AOA Data 2018 (AOA, 2018) 
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bacteria find a path into the body and are then able to reproduce and cause issues such as sepsis. 
Infections of various intensities affect up to 2% of all prosthetic hip replacements over their lifetime 
(Infectious Disease Advisor, 2017). Infections rapidly degrade the muscles, tendons and the inserted 
prosthetic. The degradation can be extremely painful and runs a high risk of consequently creating a 
septic blood system. When infection occurs and antibiotic treatments fail, the prosthetic is often 
removed, the infection allowed to heal and then a revision is installed in a separate procedure.  
 
Prosthetic hip dislocation causes almost 15% of all revision procedures. Dislocation can occur due to 
incorrect sitting positions and implant abuse such as high impact sports, or through design failures for 
the patient. Regular dislocations can also cause the prosthetic hip to become damaged, increasing the 
risk of floating debris. Recurring dislocations can be fixed by either a partial revision to add a special 
insert designed to prevent dislocation, or a total revision that requires a new prosthetic that is better 
designed for the patient, their lifestyle and movement requirements.  
 
Fracture is the least common cause of revision surgeries with a notable frequency. As with all 
mechanical inserts into the body, there is a risk of fracture. Fracture of the material can come from 
excessive tensile loading, cyclic loading and shock loading. With approximately 45% of prosthetic hip 
replacements being undertaken in people classified as obese and as many as 85% of people being 
classified as pre-obese or above, fracture presents a significant issue to this group of patients. Due to 
the nature of fracturing, the fractured component must be removed and replaced.  
 
 
 2.6 Prosthetic hip design   
The fundamental design of a prosthetic is rather simple. As shown in the figure below, the hip joint is 
essentially a ball and socket joint. As the ideal hip is that which occurred naturally, prosthetics attempt 
to mimic nature as best as possible. The stem of the hip joint is lodged deep into the bone of the femur 
and over time forms a very secure bond as the surrounding bone grows into it. The cup is fitted in the 
acetabulum (the hip) and cemented, screwed or press-fit into place. A bearing surface is often placed 
in between the femoral head implant and the acetabular implant. The prosthetic is then free to rotate 
with the movement of the leg and the hips. A minor loss of range of the hip joint is encountered as a 
result of the treatment, but this is often far more desirable than the pain experienced before the 
procedure. 
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With current developments in material engineering, further research is being conducted into suitable 
materials that can be used to extend the service life of hip replacement prosthetics. Bonesmart (2018) 
has called ceramic on ceramic prosthetics the 21st century solution to prosthetic materials. Tuger et 
al. (2013) research has supported Bonesmart’s claims, showing through simulation that the wear rate 
of ceramic on ceramic hip prosthetics to be up to eight times lower than that of the traditional 
materials such as basic metals or polymer bearings. As ceramics appear to be substantially stronger 
and resistant to wear, the disadvantages must be discussed to explain why the material isn’t used 
more frequently. In 2016, an article published in the Bone and Joint Journal has indicated that the 
major drawback to ceramic on ceramic bearing surfaces is the increased risk of fracture. Research 
shows this may be as high as 0.02% of all cases in the acetabular liner (Sentuerk, von Roth, & Perka, 
2016).  
 
Materials, material combinations and material selection have been a regular topic of debate in the 
prosthetic industry, with incorrect material selection having the potential to severely impact the 
health and wellbeing of the patient as well as the longevity of the implant. According to industry 
professionals, there is no specific material combination that is universally the best for all patients, and 
so it is often considered in a case-by-case basis based upon lifestyle demands. For example, ceramic 
may be more suitable for a young or active patient due to the higher resistance to wear (Bonesmart, 
2018). Contrary to this, higher risks of fracture in ceramics need consideration depending on the pre 
and post lifestyles of the patient. Centeno (2015) has reported common material combinations of the 
ball and socket components, include metal on metal, polyethylene on polyethylene, ceramic on metal 
and ceramic on ceramic (Bonesmart 2018). In 2014 a research study in clinical toxicology conducted 
by Bradberry reports that one in eight of all hip replacements is replaced within 10 years and that 
approximately 60% of revisions are a result of wear-related complications. Their study also presented 
arguments that the wearing of the metals has resulted in metal concentrations that are toxic to the 
human body, further supporting Bonesmart’s recommendations of ceramics. Despite the increasing 
use of ceramics, wear-related failures are still highly prevalent in prosthetic hips and there is significant 
Figure 6: DePuy ASR prosthetic hip 
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room for research into more suitable material blends. Anecdotal evidence through early reviews of 
literature makes it appear that wear is the most significant failure mode, based on the volume and 
quality of scientific literature available. However, the most recent 2019 data published by the 
Australian Orthopaedic Association revision data published which makes it clear that the most 
common cause of failure is prosthetic loosening, which has a far lower volume of literature available.  
 
Biocompatibility is considered the most important design factor of any component that is to be used 
on a human being. According to the Medical Dictionary (2018), a “biocompatible material is a 
substance that elicits no unfavourable reaction from tissues”. Examples of applications of 
biocompatible materials range from blood bags to load-bearing joint replacements to heart valve 
replacements. Suitable materials commonly used throughout the medical industry include polymers, 
metals, ceramics and composites (Zhang 2004). Each application and field of medicine requires 
different material properties to be evaluated to ensure they are fit for purpose. Despite substantial 
research and development of strict regulations, incompatible biomaterial selection still occurs. This 
was evident in the prosthetic industry in 2015, with a class-action lawsuit seeking compensation for 
cobalt poising of patients due to the degradation of prosthetic hip replacements (The Sydney Morning 
Herald 2015). Adverse reactions in an individual are not uncommon, and so research has been 
conducted into patch testing to determine if a person is likely to experience an adverse reaction to 
the full surgery (Granchi et al. 2006). The results of the research have shown patch testing could be 
an effective method to determine how the individual accepts or rejects the given material, reducing 
the risks of failure from material selection.   
 
Installation technique and improper installation angle can have negative impacts on the success of a 
patient’s hip replacement. Doctor Umesh Gaji (2016) has reported that the surgical installation can 
have a significant impact on the risk of dislocation. Along with dislocation, surgical variances in 
installation angle can also impact on the wear rates of the prosthetic. Wear is an ambiguous material 
property and as a result can be difficult to predict. Consequently, there are extensive testings that are 
undertaken prior to approval. In many cases, the exact data and specification are not made available 
for public release. In some cases, such as the DePuy ASR hip implant, the failure reports indicated that 
insufficient testing was conducted prior to release. Yet it appears not all credible wear scenarios were 
considered and subsequently not tested to a complete range of motion, which has caused premature 
failures as a result of wear. The report also highlighted that DePuy had their product fast tracked 
through the FDA administration without full testing on the basis of the prosthetic being similar to 
other ranges of prosthetics. 
 
Bone ingrowth plays a significant role in the longevity of the prosthetic hip. In most instances, the 
prosthetic is dependent upon substantial bone ingrowth to fasten the prosthetic over its intended life. 
In the initial phases, the prosthetic is either cemented, screwed or press fit. Over time, the expectation 
is that the surrounding bone grows into the prosthetic, creating a strong bond. It is widely accepted 
that there is no substitute for having human bone in this position and as a result, the closer the 
properties of the substance to natural bone, the better the bone ingrowth should be. Insufficient bone 
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growth is highlighted by the AOA as one of the leading factors for revision in prosthetic hips and is the 
major focus of this dissertation.  
 
 
2.7 Prosthetic loosening  
Prosthetic loosening is the leading causes of prosthetic failures in Australia. When a prosthetic implant 
is inserted into a patient, the initial bond between the implant and the bone is created through friction 
or an implant cement. The implant cement is primarily used to fasten the acetabulum insert and is not 
typically used to fasten the femoral component. During the procedure, the femoral prosthetic is 
inserted into the femur, often with a hammer, to create a slight interference fit. The interference fit 
is used to create an initial bond, which then requires bone ingrowth over the first six weeks to develop 
the required stability (Schneider, 2020).  
 
Aseptic loosening is widely accepted to be triggered by several factors. In the late 1990s, there was 
extensive debate as to whether or not wear particles were the only cause of prosthetic loosening 
(Amirhosseini, 2019). This historical view is now widely accepted to not be the sole cause of aseptic 
loosening, however there is no definitive root cause of aseptic loosening that is correct in all situations. 
Common causes are known to be fluid pressure and fluid flow, presence of particulate matter, 
mechanical compression of bone membrane causing resorption, patient abuse and patient failure to 
adhere to surgeon directive. There have been limited studies that can link outcomes to surgeon 
experience, however there are some indications that trainee surgeons are reporting lower satisfaction 
rates (Jolback et al. 2018). Studies, such as that by Aspenberg in 2018 show that long term prosthetic 
loosening can be identified in the first six months postoperative through determining if there are is 
distal migration of as little as 0.33 mm of the femoral component. Being able to determine the 
likelihood of prosthetic loosening in the early postoperative stage makes it less likely that loosening 
isn’t a result of particulate matter, although the exact cause of clinical loosening is still unknown 
(Aspenberg & van Der Vis 1998). 
 
The skill level of the surgeon plays a vital role in the completion of any surgical procedure and reducing 
the risk of mechanical instability-induced osteolysis (Amirhosseini 2019). The surgical procedure of a 
prosthetic hip replacement requires the damaged head of the femur and acetabulum to be removed 
before the prosthetic can be inserted. To insert the prosthetic acetabulum, either a cemented, 
screwed or interface fit is used. When using an interference fit to secure the prosthetic, there is no 
definitive measurements taken to determine the success of the fit. The process used is largely based 
on ‘feel’. When the acetabulum is inserted the human joint is reamed, then a hammer is used to 
generate the required force for the interference fit. From there, a surgeon effectively uses feel to 
determine if the fit and insertion friction is adequate. In much in the same way, the femoral head is 
inserted into the reamed cavity of the femur by force. Once inserted, the surgeon goes by feel and 
experience to ensure they have appropriate friction and insertion angles. Due to the high dependency 
upon surgeon performance, there is substantial margin for the prosthetic hip to be either inadequately 
fit into the femur, or excessively fit into the hip. In either case, the result may be prosthetic loosening. 
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A potential solution to alleviate variations in prosthetic hip insertion methods is to incorporate the 
use of modern sensors and position technology to determine the friction and angles in the prosthetic 
(Frank 2012).  
 
 
2.8 Supporting bone ingrowth and osseointegration 
When a prosthetic implant is inserted into a patient, a key element in the long-term success is the 
ability of the bone to grow into the prosthetic, creating the long-term bond. Bone ingrowth refers to 
the formation of bone within a porous surface such as a prosthetic. Osseointegration is the accepted 
general term for the surface-to-bone contact made between a prosthetic and surrounding bone (Adell 
1985). Osseointegration more technically refers to the direct structural and functional connection 
between living bone and the surface of a load-bearing implant (Muderis 2020). There is already 
substantial research being undertaken to increase the bone ingrowth with four widely accepted basic 
practices established by previous studies (Kienapfel et al. 1999).  
 
Bone ingrowth is promoted by the material properties of the prosthetic used. The mechanical 
properties of bone are well researched, having approximate data for Young’s Modulus, density, 
compressive ultimate stress and fracture toughness available. However, there can be substantial 
variation from patient to patient as well as between different bone types and different layers of the 
bone. The hip bone consists of both trabecular bone material, the soft inner lining of a bone, and 
cortical bone, the dense protection layer of bone. The physical properties of the bones vary 
dramatically, with trabecular bone having a porosity range of 40-90% (Morgan, Unnikrisnan, & Hussein 
2018). The inserted prosthetic femoral head and stem have interaction with trabecula and cancellous 
bone (Greenwood et al. 2018). The figure below shows bone compositions of the femur as the 
interactions of the prosthetic.  
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2.8.1 Biocompatibility of prosthetics  
It is critical that prosthetics are compatible with the human body. Biocompatibility can be scored with 
respect to prosthetic hip implants and osseointegration, as the desired outcome can require different 
bone-implant reactions when compared to a generalised approach to biocompatibility.  When 
considering biocompatibility with respect to prosthetic hip implants, the appropriate physiological 
response requires bone ingrowth to fill the porous spaces within the implant whilst minimising any 
risk of blood toxicity from particulate debris. With the appropriate physiological response, a stable 
implant can be achieved through fixation due to bone ingrowth and osseointegration.  
 
The materials used in prosthetic hips have changed over time, varying from metallic, polymeric and 
ceramic based implants. The biocompatibility of an implant material can be classified as bioactive, 
biotolerant or bioinert. A bioactive material has active integration between the bone tissue and the 
implant, allowing osteoconduction to occur. A bioinert implant is separate from surrounding bone 
tissue by a soft layer over the interface. A biotolerant material is in direct contact however does not 
promote osteoconduction (Schemitsch & Kuzyk 2011). Each material can also be categorised by 
distance osteogenesis, contact osteogenesis and bond osteogenesis. When the appropriate porosity 
and interface occurs, contact osteogenesis may produce bone bonding at a substantially quicker rate 
than distance osteogenesis (Osborn 1979). The table below shows some common materials with their 
biocompatibility and bone formation types.  
Figure 8: Bone composition of the femur 
(University of Cambridge 2020) 
Figure 7: Interactions between femur 
and implant (Schemitsch & Kuzyk 2011) 
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2.8.2 Surface geometry characteristics 
Surface geometry has proven to be a key factor in modifying the surface geometry of prosthetics to 
support bone ingrowth is already being used clinically. Examples of modified geometry already used 
clinically include macro-porous metals with a pore size large than 500 µm and micro-porous coatings 
with a pore size up to 500 µm. Surface modifications are made by casting structures, sintering 
structures, direct castings, diffusion bonding of preformed structures and most recently additive 
manufacturing. In one experimental study conducted on sheep, simply roughing the surface by grit-
blasting showed excellent surface to bone implant integration and implant fixation strength (Kienapfel 
et al. 1999). Despite promising results, doubt still remains as to whether pore size determines fixation 
strength, with early studies on canines showing no difference in the strength of fixation and with some 
studies presenting a lower strength (Clemow et al. 1981). These claims are still yet to be refuted in 
their entirety; however outstanding results are being attained through porosity control (Arabnejad et 
al. 2016). 
 
2.8.3 Initial stability and micromotion  
Implant stability has proven to be a key indicator of the likelihood of prosthetic loosening, with 
movement as little as 0.37 mm greatly increasing the risk of revision before the life expectancy of the 
implant (Amirhosseini 2019). When the femur is initially reamed to create the cavity for the implant, 
substantial blood pool and trauma occurs. After the initial reaction of the body, osteogenic cells 
migrate to the bone surface and begin forming part of the new bone matrix (Moreo, García-Aznar, & 
Doblare 2009). There is current evidence that too much relative motion between the implant and host 
bone disrupts the bone ingrowth, leading to the development of fibrous connective tissue as a 
replacement. There is also evidence that the presence of fluid and a build up of fluid pressure may 
interfere with interface tribology which will be discussed in the next section. The presence of fibrous 
connective tissue instead of bone greatly reduces the stability of the implant and longer term resulting 
Table 2: Biocompatibility and bone formation of materials (Kienapfel, Sprey, Wilke A, & Griss, 1999) 
Justin Walsh ENG4111/4112 – Research project  
18 | P a g e  
 
in revision due to loosening. A more scientific approach to insertion of the femoral stem than the 
current approach for initial fixation of ‘feel’ by a surgeon may reduce the likelihood of micromotions 
as a result of improper fixation whilst limiting trauma from the excessive use of force.  
 
2.8.4 Contact interfaces 
The contact interface can have a substantial impact on the likelihood of developing bone ingrowth. A 
lack of continuous contact can significantly delay or entirely prevent bone ingrowth. A study 
conducted on over 300 people in 1987 showed that patients who had a press-fit femoral stem showed 
a 93% occurrence of bone ingrowth. On the contrary, only 69% of patients without a press-fit had the 
same levels of bone ingrowth (Engh, Bobyn, & Glassman 1987). The impact of poor contact interfaces 
has been noticed in both load-bearing and non-load bearing experimental tests. In two studies, bone 
ingrowth was impaired by a three-millimetre gap. Compared to a similar press-fit model with intimate 
bone implant contact, the amount of bone ingrowth was reduced sixfold. In one canine non weight 
bearing study gap sizes of 2mm, 1 mm and 0.5 mm were compared with a press-fit situation. The 
increase of the gap size had a decreasing effect on both bone ingrowth and the strength of fixation. 
Clinically these studies imply the importance of accomplishing direct implant bone contact by the 
surgical technique including the filling of osseous defect with graft materials (Kienapfel, Sprey, Wilke 
A, & Griss 1999). It is evident from literature that optimising the contact area and porosities will 
maximise the amount of bone ingrowth and long-term implant stability.  
 
 
2.9 Effects of fluid pressure on implant stability  
A study was undertaken in 1997 to form a correlation or causation between intracapsular fluid 
pressure through a range of different motions (Robertsson et al. 1997). Their results show that it is 
very likely that capsular tension and cyclic loading may act as a pump that can distribute particles 
thorough the path of least resistance, such as around the interfaces between the femoral stem and 
acetabulum cup. At their time of study, they were still unsure if the fluid pressure alone was cause for 
bone resorption by interfering with the perfusion of oxygenation of bone. The presence of joint fluid, 
forced by pressure through defects in the cartilage have been attributed to other medical issues that 
can inhibit bone ingrowth (Anthony et al. 1990).  
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Later studies from the 1990’s showed that fluid pressure may cause periprosthetic osteolysis 
(prosthetic loosening), with particulate matter not being the only source (Aspenberg & van Der Vis 
1998). Their findings further support Robertson’s study of elevated fluid pressures in aseptic loosening 
revision patients. Aspenberg’s study was completed in 1998 under the hypothesis that particles do 
not initiate clinical loosening of an implant. The results of their findings showed that the only 
explanation of the role particles played in early micromotion resulting in late clinical loosening was 
that micromotions could result in increased particulate matter, which makes particulate matter a 
symptom rather than a root cause. Their paper acknowledges that bone resorption around an implant 
is a negative balance between formation and resorption, there are findings that particles may play a 
role once a membrane is formed around the prosthesis, however particles are not the only potential 
cause. 
 
Aspenberg & van Der Vis (1998) completed a clinically sound, peer reviewed thorough research paper 
showing a clear disconnect between particles and loosening. Previous testing of a modified implant 
chamber and inducing intermittent micromotion resulted in decreased bone ingrowth (Aspenberg et 
al. 1992). Based on results of previous study, future studies were directed to fluid pressure as more 
than a vehicle for particle transport, but as a cause of osteolysis (Anthony et a. 1990). By applying a 
pressure of 150 mm Hg under the surface of the implant for two weeks, highly elevated bone 
resorption levels were observed under the pressurised area. Further to this, the granulation tissue 
replacing the resorbed bone appeared similar to ‘loosening granuloma’ under imaging and showed 
Table 3: Preoperative observations in 18 hip arthroplasties revised 
for aseptic loosening (Robertsson et al. 1997) 
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presence of bone particulate. The test was repeated with a pressure range 50-150 mm Hg for a two-
hour duration and showed repeatable results, with less resorption. A final experiment inducing 
micromotion subdued the formation of bone and instead was replaced with a fibrocartilage. Their 
three tests show that increase in localised pressure at the bone-implant interface inhibits bone 
ingrowth, creates bone debris and support the growth of granulation tissue in even in the absence of 
any micromotion. Studies in the early 1980’s during diagnosis of pain studies indicated clinically 
pressure in prosthetic joints reaching levels of up to 700 mm Hg (Hendrix et al. 1983).  
 
More recent studies have been conducted citing the works above. A study conducted in 2017 was 
completed to see if micromotions could induce peri-prosthetic fluid flow around cementless femoral 
stem (Camine, Terrier, & Pioletti, 2017). Through FEA, Camine has been able to prove that 
micromotions in the femoral stem implant can cause fluid flow, resulting in aseptic loosening. From 
the literature, it is evident that fluid flow and fluid pressure can suppress bone ingrowth which results 
in the development of a fibrous tissue, which does not support long term implant stability. It is clear 
that stable first insertion along with a design that has a maximum contact area but minimises fluid 
pressure is required.  
 
 
2.10 Femoral stem and surgical instructions   
Aseptic loosening of the femoral component and the acetabulum component are one of the leading 
causes of premature failure of prosthetic hips. This dissertation will look specifically at the femoral 
stem design, as the failure rates marginally exceed those of the acetabulum (Australian Orthopaedic 
Association 2020). The design of the femoral stem is crucial to the long-term stability and success of 
the prosthetic and the hip replacement. Stress concentrations on the design could result in prosthetic 
failure through fracture, wear or other mechanical failures. Stress concentrations with bone on 
prosthetic contact can result in trauma to the bone and failure to support bone ingrowth. The 
prosthetic must also have suitable surface geometries to be support bone ingrowth for implant 
stability. Modern research is highlighting a strong correlation between initial implant fixation, 
micromotions and corresponding fluid flow and pressure resulting in aseptic loosening.  
 
Current leading designs by Johnson and Johnson (JNJ) report success rates of over 95% over 10 years. 
The operating procedure outlined by JNJ first requires the use of an osteotome to make the first entry 
into the bone structure. From there, a tapered reamer is used, gradually increasing in size to create 
the initial femoral cavity for prosthetic insertion. From there, a specialised broaching femoral stem 
creates the insert for the final prosthetic. A light twisting force is applied by surgeon feel to check for 
stability in the rotational planes. Once the cavity has been prepared, a 0.25mm interference is present 
on both sides in the medial-lateral direction (0.5 mm interference total). By utilising moderate force 
and a mallet, the surgeon is able to overcome the interference of the low density, porous bone to 
insert the prosthetic femoral stem. The design of the femoral steam features a small divot at the top 
to fixate a pin that is used to ensure force is applied directly through the plane, limiting any other 
movements, as displayed in the figure below.  
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As is noted, during this process there are multiple areas where feel is required. During the initial 
reaming, ensuring that the reamer is flat and straight is based upon the surgeon. Ensuring that the 
rotational movement is not present is again based upon the surgeon. Ensuring sufficient force is 
applied by the mallet is again entirely based upon feel. Testing for a minimum pull out force is based 
entirely upon the feel and experience of the surgeon. Simply put, though an extremely successful 
surgical procedure, it is still highly humanised with no data drive feedback options. With prosthetic 
loosening being the leading cause of failure and initial implant stability a key contributor to this failure, 
there may be a significant opportunity for improvement.  
 
 
2.11 Previous technology based femoral stem insertion studies 
The current method for a press-fit femoral stem insertion approach is highly variable, feel-based 
approach by an orthopaedic surgeon. Patient issues can arise if this is done unsuccessfully as 
insufficient initial stability can create micromotions that suppress bone ingrowth, whereas excessive 
application can create fractures or trauma to the surrounding bone and tissue.  
 
Tijou et al (2018) have conducted the only study to monitor femoral stem insertion success by impact 
analysis to provide data-driven decision-making. Their initial study provided a sound indication that 
the impact data provided through the hammer correlated with the required pull out force. By 
comparing impact data with an orthopaedic surgeon’s feel on appropriate insertion, the data showed 
that impact could be used to prevent over and under insertion. Sound findings provided validity that 
Figure 9: Femoral stem insertion (Johnson and Johnson 2020) 
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required further research and testing. Following on, largely the same body of researchers performed 
a cadaveric validation which showed similar results (Rosi, et al., 2020).  
 
Through a review of literature, the use of an impact hammer was the only study identified that seeks 
to provide data driven resources to assist surgeons in their decision-making process. No research has 
been identified that could further support impact data, such as means of testing pull out force during 
insertion. No literature could be found that tests whether there is any validity in having lubrication 
during the insertion process, or any other data inputs that could test for rotational stability. The lack 
of research in utilising technology for data drive decision-making in prosthetic hip insertion highlights 
a significant area where improvements for consistency may be made and will form the direction of 
future research.  
 
 
2.12 Press-fit theory  
Interference fit theory is used commonly in industry as a fastening mechanism. It involves forcing an 
oversized shaft into an undersized hole. When considering prosthetics hips, we have an oversized 
femoral stem being inserted into a reamed out undersized femoral cavity, with an extremely complex 













With the visualisation present, we can generate calculations to determine the relevant factors. The 
first factor to consider is the contact pressure created of two similar materials. The equation is shown 






   
For the conditions of a prosthetic hip, we must consider two dissimilar materials, being bone and the 
femoral stem material. When considering different materials, we must consider the difference in 
Figure 10: Press fit (Dornfield 2004) 
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Young’s Modulus and Poisson’s Ratio. The equation for calculating the contact pressure of dissimilar 




   (Dornfield 2004) 
 
 
We must also note that contact pressure and stress of an interference are not the same. We can find 
the stress induced from the interference to be heavily dependant upon contact pressure. The equation 
is shown below; 
 
 




As is shown above, interference fits are commonly used and there is significant theory available. The 
theory is highly beneficial for developing an understanding, but they do not factor in the complexity 
in shape of a femoral stem. As a result, the equations are limited and solid modelling would likely be 
required to best determine what the result would be due to material changes in interference fits.  
 
 
2.13 Effects of pre-cooling materials  
Pre-cooling and pre-heating are widely used mechanical engineering practices. In a typical engineering 
environment, different fastening methods are used depending on the application.  A typical fit is an 
interference or press fit. A press-fit between two parts is one in which the internal dimensions of one 
component are smaller than the external dimensions of the part which must fit in it. Typically, this 
kind of fit is found in many bearing applications and is a common approach to prosthetic fastening. 
Several approaches can safely attain this type of fit without causing damage to the surrounding 
components. A common approach is the controlled application of heat to one or both surfaces. Where 
resources permit, in metallic applications, the internal dimensions are increased by heating the 
materials, whereas the external dimensions of the component that fits into it can be reduced by 
cooling it to lower temperatures. By doing so, the components can be press-fit together with less 
force, decreasing the risk of damage.  
 
With some minor changes, the same approach to press fits could be taken in cementless prosthetic 
hip procedures. A review of literature has found that pre-cooling in cemented prosthetic hip 
replacements does occur in order to slow the rate of chemical reaction within the hardening cement. 
No studies quantifying the benefits of pre-cooling cementless prosthetic could be found. Possible 
explanations for the lack of literature could include the risk of damage to the bone by having a cooled 
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prosthetic in direct contact with bone. The successful implementation of this approach would require 
temperatures to remain relatively high, ruling out high values of shrinkage that could be achieved if 
the implant could be cooled to extreme temperatures for example by liquid nitrogen (-196oC). 
 
The typical interference fit laid out by Johnson and Johnson is 0.25 mm for their Tri Lockr Bone 
Preservation stem. A reduction of outer diameter of 0.025 mm would represent an almost 10% 
reduction in size, which has the potential to reduce stresses induced in the bone as a result of the 
impact of insertion. Therefore, it remains practical to quantify if there is any benefit to cooling the 
prosthetic to lower temperatures easily, such as in a refrigerator to 6oC. With a potential benefit from 
minimal effort, it is an option that definitely intrigues further attention.  
 
Similar to inference fits, pre-cooling has extensive theory and calculations that are available. Pre-
cooling is commonly referred to in Engineering as a shrink fit. As discussed, the intent of a shrink fit is 




   (Dornfield 2004) 
 
 
Where 𝛿 is the change in radial interference, ∝ is the coefficient of thermal expansion and ∆𝑇 is the 
change of temperature occurring due to cooling or heating. This equation can be utilised to estimate 
the change in interference in a typical cylinder. Due to the complexity of shape, these simple equations 
are limited in their application and a finite element analysis would have to be conducted to determine 
if a temperature would yield a measurable benefit.  
 
An additional benefit which is often less considered when discussing interference fit is the change of 
the coefficient of friction. When considered in respect to inserting a prosthetic, the easier the 
prosthetic is to insert, the less damage and risk of further damage may occur. Due to the change of 
molecular motion that occurs under the cooling condition, the coefficient of friction changes. In the 
condition of cooling (reduced motion), the reduced motion makes it easier for the component to slide, 
hence reducing the coefficient of friction (Labthink, 2017). By utilising this added benefit, as well as 
the impact of reduction of size due to cooling, substantial risk of fracture and mechanical damage can 
be reduced during the insertion process as less forced will be required during insertion.  
 
 
2.14 Tribology in prosthetics    
Tribology is more simply known as the study of friction, wear and lubrication. The primary direction 
of tribological studies in the biomedical industry for prosthetics focus on optimising the longevity of 
the bearing surfaces between the acetabulum and the femoral head. As many modern prosthetics are 
fitted using a press-fit, the study of friction and lubrication during the process is highly relevant.  
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The tribo-performance of the femoral stem and the acetabulum may prove to be a key element in 
increasing the expected life of prosthetic hips. It already has been noted that the leading cause of 
prosthetic hip failures is aseptic loosening of the femoral stem component, followed closely by aseptic 
loosening of the acetabulum. There have been no significant studies found that seek to investigate 
bone-surface interactions between different material combinations.  
 
 
2.15 Direction of research and research questions  
The review of literature has shown there is still substantial space for improvement in prosthetic hips. 
According to the Australian Orthopaedic Association, implant stability is currently the leading cause of 
premature failure in prosthetic hips, with similar failure modes present in prosthetic knees. Long-term 
stability is promoted by bony ingrowth, which requires prompt initial recovery and initial stability to 
prevent micromotions. The current surgical method of insertion for the stem of the femur is a very 
manual, ‘feel based’ approach by surgeons. Surgical guides by JNJ instruct on several occasions that 
surgeons use their own feel and experience to determine the initial implant stability. With the 
importance of initial implant stability well documented and researched, it is no surprise that the data 
indicates that variations in surgery can impact the long-term success of the procedure. 
 
A proposed solution to improve the insertion process is applying coatings to the materials during 
manufacturing. Coatings on femoral stems are already widely used in industry as they enable a porous 
area to be applied in certain sections to promote the required bone growth. This study will investigate 
whether the application of polymer coatings yield any significant benefits. Polymer coatings allow for 
materials with properties that more closely match bone to be utilised for the bone-implant contact 
interface and are still capable of being manufactured with porosity control. The features of polymers 
provide an initial indication their properties will improve on the long-term performance. By applying 
a coating to a structural material, the structural integrity of the implant is not comprised, whilst still 
reaping all the benefits of the improved contact interface. Two other novel solutions to the insertion 
process that may be of benefit also include pre-cooling and lubricating the implant to make the 
insertion process as optimised as possible. Reducing damage during insertion will allow for improved 
recovery time, reducing trauma and providing the best opportunity for bone ingrowth.  
 
From the review of literature, there were noticeable research gaps where improvements could be 
made from an improved knowledge base. Several questions have been raised, however not all 
questions could be investigated. The first question identified was whether or not a Geographic 
Information System could allow for more consistent angles and position within the hip. Another 
research question is whether the live feedback of impact and force data during insertion could allow 
for more consistent and minimum required forces to provide the best results with guaranteed 
accuracy. Both options required extensive knowledge and expertise external to the mechanical 
engineering discipline. The other hypothesis was whether we could make several small changes to the 
approach could each individually compound to yield better outcomes. The identified topics for 
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research is whether applying a material coating to femoral stems could improve the bone-implant 
contact interface. The second question is whether pre-cooling the implant to easily achievable 
temperatures could further improve on the material change. The temperature control experiment 
raises several further questions including whether the coefficient of friction will be reduced as well as 
the shock load transfer. These two key principles have been identified as a significant gap in the 
knowledge base of the prosthetic industry and could bring extensive value from further research.  
 
Thus, the major overarching research question proposed are; 
• Can polymer coatings on femoral stem hip inserts produce improved bone surface 
interactions, reduce mechanical damage and improved force distributions between implants 
and the natural bone  
• Can pre-cooling to standard refrigeration temperatures produce measurably improved force 
distributions between femoral stems and the natural bone 
 
The aim of this research project is to determine if there are any mechanical and scientifically based 
improvements that can be made to femoral stems and the insertion process. By utilising a theory-
based material selection, a new material coating is being selected for further testing. The use of 
polymers coatings will allow for a lower friction and a more even distribution of forces between the 
bone and stem. This will then be tested and validated by simulations and consultations with industry 
professionals. Two novel improvements of pre-cooling and pre-lubricating will be tested as easily 
achievable changes aiming for small, but measurable improvements. Successful, quantifiable 
outcomes will be used to justify further research into manufacturing, prototyping and live testing.  
 
 
2.16 Literature review summary  
The review of literature has shown the hip to be a crucial multi-axial load bearing joint in the human 
body. The primary treatment for the natural degradation of the hip joint is the replacement of the 
acetabulum and the femur (total hip arthroplasty). The most common failure mode of the THA is 
aseptic loosening. Aseptic loosening can be promoted by micromotions, fluid pressures, foreign 
particulate and issues caused by mechanical damage to the surrounding bone. The literature indicates 
that more research is required to combat aseptic loosening. No literature is available as to whether 
polymer femoral stems could reduce mechanical damage whilst still maintaining the current 
performance. Polymers are predicted as a better material for the bone-implant interactions as their 
properties are more similar to the human bone. Further reductions in mechanical damage during the 
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Chapter 3: Methodology 
3.1 Overview  
This section describes the methodology for the scope, planning, design and analysis of the project 
and results. The primary objective of the overall project is to determine if polymer coatings and pre-
cooling are feasible changes in the prosthetic industry to yield improved results. Thus, the two 
primary research questions are; 
• Can polymer coatings on femoral stem hip inserts produce improved bone surface 
interactions, reduce mechanical damage and improved force distributions between implants 
and the natural bone  
• Can pre-cooling to standard refrigeration temperatures produce measurably improved force 
distributions between femoral stems and the natural bone 
 
The primary objective of the methodology is to determine suitable methods and tests that can be 
utilised to answer these research questions. The overarching research method is to theoretically 
assess materials and then conduct Finite Element Modelling to draw conclusion. The full details are 
discussed further in the methodology and throughout this report.   
 
The design approach of this project will be both traditional, taking the common and broad approach 
of ‘design-test-build’. For this project, it has been adapted as ‘design-test’ and utilises some newer 
approaches to design to reduce wastage and provide a better solution. A current researcher in the 
modern design industry is Steven Hoffensen.  Steven Hoffenson is a current lecturer at Steven’s 
Institute of Technology (founded in 1870), a researcher into design approaches through 
multidiscipline investigation and former Congressional Science and Engineering Fellow sponsored by 
the American Association for the Advancement of Science (AAAS). The approach taken to the design 
of this model will be based of much of his research. His research consists of taking information of 
various disciplines and utilising knowledge of various approaches to find the ideal designing principle 
for the test.  
 
The generalised example of a detailed engineering ‘design-test-build’ approach is displayed below in 
figure 10. With minor changes to the process, this engineering approach will play a substantial role in 
the design philosophy taken to complete the project. As this is a feasibility, the construction of a 
prototype is outside the scope of this dissertation. This step has been replaced with developing a 
model for simulation.  
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Though the figure above will be used substantially in the design approach, a more modern philosophy 
will also be incorporated. Developed in the early 2010’s, it is displayed below. It features three major 
phases of design: inspiration, ideation and implementation. Inspiration requires understanding and 
identifying the problem, ideation involves understanding the point of view to develop possible 
solutions and implementation involves developing prototypes and testing the product. These three 




Figure 11: Design-Test-Build process (Massachusetts Dept. of Education 2006) 
Figure 12: Design thinking framework (Hildenbrand & Wiele 2013) 
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The general approach this project is that of engineering design and design thinking, as displayed in 
Figure 10 and Figure 11. Due to the restriction of resources available, the research study will be limited 
to ‘design-test (simulate)’. By designing and simulating, the research objective of quantifying data 
before prototyping and practical testing on live subjects can still be achieved and provide data to the 
scientific community.  
 
 
 3.2 Project work structure 
A simplified version of the project steps is displayed in Figure 12 to easily show the order of activities 
that have occurred to achieve the project outcome. The work scope has been ended after validating 
the model due to the time constraints, however further work is still displayed that could be condcuted. 


















The general outline of the project phases are;  
• Review Australian Orthopaedic Association data on the most common failure modes  
• Review literature for an understanding of the possible causes of failure within hips and 
specified failure mode 
• Identify possible knowledge gaps within the industry and select areas for improvement  
• Identify project scope, aim and project outcomes 
• Select a current biomedical industry leading implant to base model on for testing the 
hypothesis 
• Develop a 3D model to run simulations  
• Identify all relevant parameters for the simulation  
• Identify any limitation of the findings 
Figure 13: Workflow structure of project method 
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• Perform validation on the results 
• Provide recommendations for future works 
• If time permits, repeat testing based on alternate materials to see if there are transferrable 
results to various materials 
 
 
3.3 Required tools  
Successful completion of the study requires access to several tools. The first tool is access to data. 
Though often not typically referred to as a ‘tool’, access to information is key to being able to 
complete this study. Modern technological advancements and the human desire for increased 
knowledge has made extensive open source data available.  
 
Access to AOA was the first data set required to complete the study. The second component of the 
study is access to credible literature. Data bases such as Google Scholar in conjunction with USQ 
Student Library allows for access to enough, peer reviewed data.  
 
Completing the material selection requires access to material selection theory. A review of material 
selection theory should be utilised to select the most appropriate criterion for the application. The 
material selection criteria deemed most appropriate was the physical properties material selection 
approach. Irrespective to approach, gaining access to credible material properties is essential. Access 
to all the required material properties proved to be extremely challenging part of the study, 
particularly when specialised niche data is required. This was most evident when attempting to find 
coefficient of friction values for materials on bone. At times, a best estimate approach was required 
and has been detailed in the relevant sections.  
 
The validation of the material selection was completed through ANSYS simulation software. ANSYS 
was powerful for running simulations and coupled extremely well with the modelling capabilities of 
CREO Simulate. Access to both software packages is necessary to reproduce the same results. A 
knowledge base around standard modelling file types is essential for effectively sharing models 
between software packages.  
 
The tools required to this study are commonly used engineering tools. Fortunately, for the feasibility 
study, access to laboratory and measuring equipment was not necessary. Access to these resources 
would have been severely restricted during the global climate of COVID-19 present at the time of 
writing. The primary engineering tools accessed were credible knowledge and databases and 
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3.4 Defining project scope  
The most relevant fields of engineering to this project are mechanical engineering and biomedical 
engineering. In order to achieve the objective of the project, engineering principles including 
innovative engineering design, interface tribology, material science and Finite Element Analysis (FEA) 
are required.  
 
The concept of this project is to take simple engineering approaches and investigate their applicability 
to other industries. Through the review of literature, several knowledge gaps in prosthetics were 
identified. In order to effectively fulfil the project, not all ideas could be explored due to time and 
resource constraints. The sections that have been chosen to explore are exploring novel solutions to 
reduce trauma during the insertion process by analysing the mechanical aspects of the insertion 
process. This consists of a material selection and pre-cooling feasibility. Two solutions that can 
minimise damage during insertion are cooling the prosthetic to lower temperatures and inserting the 
prosthetic using a tribology study with a biocompatible polymer coating as the contact interface. Due 
to extreme restrictions and the unprecedented times that is COVID-19, the study is designed to be 
theoretical and entirely simulation based. 
 
The scope of the project is to investigate improvements to the method of insertion utilising mechanical 
engineering and material science. The project will be made up into two significant parts; the first being 
an investigation into the benefits of inserting the prosthetic will the new material, the second being 
inserting the prosthetic at a lower temperature, such as six degrees (refrigeration temperature), and 
the final section being the combination. The investigation will take place by utilising modern 
simulation software including CREO Parametric 6.0 and ANSYS. The expected outcome is to provide 




3.5 Material selection and tribological study  
The material selection plays a vital role in determining which materials can yield improved results in 
prosthetics and answering the research questions. A successful material selection will produce the 
theoretical backing to support materials that can improve the tribo-performance, stress, and 
deformation distributions on prosthetic hips, thus answering the first research questions from a 
theoretical perspective. Understanding the equations and coefficients of thermal expansion of 
materials can give a theoretically justified approach as to whether pre-cooling can yield benefits. The 
material selection will assist in answering the research questions theoretically, as well as allowing for 
accurate simulations to be run on materials that are the most likely to achieve positive outcomes.  
 
The material selection is an important part of both running simulations and in the designing phase. 
Appropriate materials are necessary for credible results from the simulation. The full material 
selection and decision-making process is explained in chapter 5, however a brief overview is 
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provided below. The material properties of bone and other materials have been taken from 
interrogating multiple sources of literature (Morgan, Unnikrisnan & Hussein 2018). No one value of 
human bone properties will ever be available due to the extensive changes between people as well 
as different bones within the body.  
 
The general approach to the material selection was; 
• Determine the required outcomes and purpose of the material selection  
• Determine mechanical properties relevant and to be analysed  
• Determine the mechanical properties of materials and bone from literature 
• Determine a decision-making process (material selection theory and decision matrix)  
• Follow decision making process to recommend a material 
 
The material selection theory chosen was property parameters. The individual material property 
values have been compared to that of bone. The key selection criteria and concept is that the ideal 
material is human bone, therefore a material with properties as closer to bone will yield the best 
results. The material was then selected through an equal weight property analysis table (decision 
matrix) and ranking the materials based upon their similarity to bone. The properties assessed were; 
• Density 
• Tribo-performance 
• Compressive Strength  
• Coefficient of Friction  
• Ability to porosity control  
• Young’s Modulus 
• Hardness (Vickers) 
• Coefficient of thermal expansion 
 
A key material property that is a significant part of this study was tribological performance. Tribology 
is an extremely difficult property to quantify. As a result, it has not been included as a material 
property in the decision matrix. Tribological interactions have been analysed as a general entity for 
material groups. The study shows that tribological interactions would be improved with softer 
materials, which is typical of polymers. The tribology results are in line with the decision matrix, 
which showed them to be the highest performing. Full details are available in Chapter 5.  
 
 
3.6 Designing the testing parameters  
In order to test and validate the new approach to femoral stems, suitable simulations must be 
conducted. The complexity of the shape of the prosthetic make traditional equations difficult to apply. 
The conduct of complex FEA is essential to validating theory and will give detailed results that can be 
interrogated. The FEA will be able to show exactly how stress and deformation distribution changes 
are occurring compared to traditional and new materials. More even distributions will indicate that 
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improved load-sharing is occurring, which is an indication an improved performance. If stress and 
deformation distributions are even, it indicates that less mechanical is occurring on the bone, reducing 
the risk of fracture, wear debris being produced and stress shielding, hence reducing the risk of aseptic 
loosening. The FEA in conjunction with the theory of the material selection provide sound ground that 
indicate improved performance can be achieved through polymer coated femoral stems. 
 
To ensure accuracy of the simulations, the testing prototype is based on a current leading industry 
prosthetic. In order to ensure that the model is anatomically correct, an open source, 3D model of a 
femur built from CT scan and MRI has been procured. The model features a 46-year-old male, weighing 
86kg and standing at 182 cm in stature. Due to the nature of the open source model, it features 
extremely detailed edges and shapes which greatly increase computational requirements, therefore 
a simplified model of this femur has to be developed. The simplified model still has the same bone-
implant surface interactions as the femur model, therefore it can achieve the objective while 
maximising efficiency. The prosthetic model has based of the Johnson and Johnson (JNJ) Tri Lockr bone 
preservation stem. By building the prototype from an already validated design and comparing it to the 
real femur model, a realistic prototype has been developed. The 3D scan of a real femur is displayed 























With a valid means to develop a testing model, the appropriate tests can be applied. The two 
hypotheses’ being tested are pre-cooling and a tribology/bone-surface interaction study on the 
Figure 14: Open source femoral stem vs model 
Justin Walsh ENG4111/4112 – Research project  
35 | P a g e  
 
femoral stem during and immediately after insertion. CREO Simulate 6.0 and ANSYS have appropriate 
simulation capabilities to determine stresses induced due to thermal loading. By identifying the stress 
induced at standard atmospheric temperature as a baseline, the reduction of stresses due to cooling 
the prosthetic to refrigeration temperatures (4 degrees Celsius) can be quantified. In order to 
complete the simulations, ANSYS simulation software is required. Due to having no prior experience 
in ANSYS, this provides a substantial learning opportunity to develop a diversified skillset in multiple 
modelling software packages that lead the engineering design and simulation testing.  
 
To run the simulation, suitable model parameters have to be identified. These parameters include; 
• An anatomically correct model (as identified above) 
• Material properties of bone (femur) and the prosthetic stem (multiple to be tested). Key 
properties include the coefficient of thermal expansion, Young’s modulus and the Poisson’s 
ratio 
• Feasible and biologically accurate forces and stresses 
 
From here, the simulations required have to be identified, keeping in mind the primary research 
questions being asked. The simulations and their justifications are discussed briefly below and in more 
detail in the FEA chapter. The simulations are; 
• Press fit simulation – This allows for the analysis of bone and femur stresses and deformations 
in the unloaded position. It will show how stresses are being distributed and where the 
mechanical damage is occurring and thus showing whether the new materials are improving 
stress and displacement distributions (which is higher performance) 
• Temperature control – This is a replica of the press-fit but under a temperature control 
condition. This simulation will allow for a comparison between pre-cooled and room 
temperature insertion to assess any benefits in stress and deformations 
• Load condition simulation – This will show where the stresses occur under load. It will display 
whether stress-shielding has been reduced and hence the risk of aseptic loosening reduced, 
which is improving the performance.  
• Pull-out force simulation – This simulation is testing how much force is required to remove 
and move the prosthetic. This simulation will show the expected change with the material 
changes, with no data available this does not draw a conclusion but is still critical knowledge.  
• Structural assessment – This simulation will load the femur. The results will display whether 
or not the coating is feasible structural load  
 
 
3.7 Building the model  
The CAD model has been developed using the CREO Parametric 6.0 education version, limited to 
educational use only. The model has been based of JNJ current tri lockr bone preservation stem. The 
first step in the design of the model is to ensure accurate dimensions. In order to test that the model 
is anatomically correct, it was compared to the open source femur of a 46-year-old male. The figure 
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below shows the original JNJ model against the first stages of building the model. The femoral head 




















The second component for the analysis is developing the model of the femur to be tested. The model 
is displayed in Figure 15 and 16 above. The simulations that are being undertaken are being run to 
optimise interference, therefore an identical model of the femur is not required. The most important 
factors of the model are ensuring that there is sufficient contact interference to ensure that model 
accurately represents that aspect of the hip replacement. In designing the femur, the basic shape has 
been followed. A femoral insert has been removed with the extrude tool from the centre of the model, 
much the same as would happen during the surgical procedure by using a surgical reamer. The 
prosthetic hip cavity is 0.25mm smaller than the prosthetic hip as per the JNJ Tri Lockr surgical 
specification (Johnson and Johnson, 2019). This allows for the accurate simulation of contact regions. 
Within the body is a small tubular cavity in the model, known as the medullary cavity. This cavity has 
been included in this model. This cavity is evidenced in designs such as the Tri Lockr, where only certain 
areas of a model have a porous coating, as it is seemingly wasted where the medullary cavity is 
present. It is also important to note that the medullary cavity will change from patient to patient. 
Figure 16: Tri Lockr Hip Prosthetic 
Figure 16: Femoral stem for analysis 
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3.7.1 Refining the model  
With base model developed, refinements and further adjustments prior to performing a simulation 
are required. The refinements to the model include; 
• Rounding of edges to best emulate the real prosthetic and remove stress concentrations that 
would skew results 
• Defining material properties 
• Adequately defining contact interfaces 
 
As the testing progressed, the model had to be continually adapted. This resulted in changes having 
to be made during the design process to achieve the desired outcomes. Upon attempting to run the 
simulations, it was noted that ANSYS did not have the ability to modify displacement in a rotational 
axis. This meant when inserting the femoral stem, the simulation could not be properly achieved. In 
order to combat this, a part of the femoral cavity has been removed. The figure below shows an 
imagine of the surgical guide, display the direction force is applied to insert the model. This imagine 
clearly shows the rotational forces that are applied during insertion. The other figure shows the 
section of the femur that has been removed. As this section does not feature a significant interference, 
Figure 19: Contact region of prosthetic and model 
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the level of accuracy of the results will still be sufficient for the feasibility study, however it is noted 

























Upon running the simulations, stress concentrations were found in the model. In order to improve 
these results, several steps were taken. It was first noted that a simple step that could be taken is to 
refine the mesh in this area. From here, it was also noted that the model was insufficiently constrained 
and causing excessive motion. A fixed constraint has been added at the top of femur to hold the femur 
steady. The human body in this situation would hold the bone fairly still, however this fixed constraint 
does not provide the same elasticity of the human bone.  
 
Figure 20: Rotational force is applied as displayed by screwdriver position 
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3.8 Assessing ongoing project risks  
As this study is a theoretically based desktop study, there is no requirement for a laboratory risk 
assessment. However, as with any project, there other risks associated with the execution and 
delivery. The primary risk of this study is that it is not completed or unsatisfactorily completed. 
Unsatisfactory completion of this dissertation could be attributed to a lack of software knowledge, 
making the simulations impossible to complete or invalid in their entirety.  
 
Figure 21: Stress concentrations in original model 
Figure 22: Project risk matrix 
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3.8.1 Physical risks  
As this is a desktop study, the key risks are pertaining to that of a home office. There is significant 
research that has been conducted into sitting at a computer chair for long periods, staring at computer 
screens and exacerbating these problems by not having an ergonomic space to work and study. This 
presents the main and key risk that needs to be mitigated. Simple risks such as walking to the mailbox 
to collect a USB have been ignored as these have been considered a part of general life.  
 
Table 4: Physical risks 
 
 
3.8.2 Project risks  
The key risk of this dissertation is project failure. In order the project to fail, there would have to be 
limited work and no follow up. In the case that minimal work is conducted, and the direction is poor, 
then there would be a probable chance of failure, which would be catastrophic to the project 
outcomes. In the context of project risk, catastrophic is a reference to failure to complete the project 
with no objectives. It is important to note that unsuccessful research is still successful and not failure 
as it still provides important information to the greater community. In order to manage the project 
risks, regular, fortnightly sessions are conducted with the project Supervisor, Dr Steven Goh, to ensure 
that the direction of the research is progressing as expected. In order to manage the quality of content, 
regular intervals for feedback are available with academic staff, which also assists in the direction of 






Risk level Hazard Mitigation 
Serious (C2) Skills required to run accurate 
simulations not available 
This risk is being mitigated by having a positive outlook 
on the use of new software as a learning opportunity, 
rather than a hinderance. This, in conjunction with a 
large body of open source learning, including OEM 
supplied learning will be used to reduce the risk of 
failure as a result of software skills.  
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selection. Even without the complex motion simulation, positive conclusion will still be able to be 
drawn.  
If successful, this project can be used as a justification to provide further analysis into polymer coated 
femoral stems. The potential changes made to prosthetics could have global reaching impacts on the 
materials used as the industry continues to innovate and move towards improved designs. Within 
Australia alone, this could impact over 70,000 people per year from a health perspective, but also have 
positive economic benefits as well. It is important to note that this is just an initial feasibility study 
which would require further analysis as well as a detailed cost benefit analysis and live testing prior to 
implementation. A safe and working product would still require significant financial investment to 
ensure the product was safe and practical. Failure to complete the required due diligence necessary 
after this study could catastrophically impact on the lives of millions of people globally. The 
responsibility of that work falls to the engineers tasked with designing, testing, manufacturing and 
controlling the quality of the product. In Australia, this ethical responsibility tasked to the engineers 
would be governed by Engineers Australia and endorsed by a body such as the Food and Drug 
Authority.  
 
3.10 Methodology summary  
Appropriate methodology is critical to ensuring that the research questions are achieved in a safe 
manner. By continuous critical analysis of the methods, the research questions will be successfully 
answered. Ongoing review of the model used for the simulation is critical to maintain the accuracy of 
the simulations. The two research questions being asked in this simulation is whether polymer 
coatings can yield increased tribo-performance whilst reducing mechanical damage during insertion, 
as well as whether pre-cooling can yield further reductions during insertion. By conducting a detailed 
material selection, the material chosen can be theoretically justified. Conducting the press fit and 
temperature-controlled simulations tests whether polymers present an even distribution of stresses 
and deformation. The results of the FEA can be used to validate the theoretical study. Further 
advanced simulations including motion and impact simulations in conjunction with industry consults 
are available as further endorsements to the theory. The successful answering of the research 
questions has the potential to impact millions of people globally in a positive manner through the 
continuous improvement of prosthetics. It is important to note that this study only relates to initial 
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Chapter 5: Material selection for tribology optimisation 
5.1 Overview    
There is a long history of material selections and material combinations impacting on the success and 
longevity of prosthetics. Improvements in scientific technology, knowledge and understanding have 
greatly extended the life of implants since the first glass implants of the 1920’s. The following section 
gives a detailed analysis and insights into material selection, with the specific purpose of optimising 
tribology during insertion. Tribology has been extensively studied for use within the bearing surfaces 
of implants and has played a key role in the high performance of implants we see today, however 
studies into the implant-bone interface are extremely limited. As the leading cause of prosthetic 
failure is aseptic loosening, there is significant research that could be undertaken into the bone-
surface interface.   
 
The material selection begins by investigating the current materials used in the biomedical industry 
and analysing them for their properties that are widely proven to be successful in other tribology 
studies. The primary objective of this section is to assess, compare and select an alternate material 
that could be used for the manufacture of femoral stems, or partial coating of femoral stems to 
minimise friction and damage caused during insertion. The material will then be theoretically justified 
before conducting a finite element analysis (FEA).  
 
 
5.2 Material Selection Theory  
There are several different theories developed by regarded scientists that are supported by industry 
when it relates to material selection. Common material selection methods include; 
• Accept/Reject criteria  
• Merit ratings 
• Weighted merit ratings  
• Property parameters 
• Weighted property parameters  
 
Each approach to material selection approach can be utilised in different circumstances based upon 
the available data and required outcomes. For this project, property parameters have been chosen as 
the material selection method as it requires the quantification of the material properties. As the key 
metric is to compare materials with bone, the quantified physical properties provide key information.  
 
With quantified material properties, a means of analysing these properties is required. The general 
method used for selection is by ranking the materials based upon how similar they are to that of bone. 
The weighted property parameters would have each property parameter be weighted on importance. 
As there are so many mechanical properties available and many have been ignored, the chosen 
properties have all been ranked to a value of 1. This in turn removes the weighted component and 
makes it simply property parameters.  
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5.3 Femoral stem materials  
Common prosthetic hip materials include ceramics, polymers and metals. Metals have been used 
extensively in prosthetic hip replacements due to their low wear rates, diversity of properties due to 
alloy blending and extensive history of biocompatibility. Metal alloys have played a key role in the load 
bearing component of the prosthetic as well as frequently being used as the bearing material. 
Ceramics are a more modern approach, allowing controlled porosity by manufacturing nature, low 
wear rates and are frequently chemically inert making them a prime material for biocompatibility. 
Modern advancements in polymers have made them more applicable in prosthetic applications. They 
frequently have high strength-to-weight ratios, can be biocompatible and inert to chemical attacks. 
Polymers are frequently found being used as bearing surfaces and less frequently as materials that 
make up the bulk of the prosthetics due to their lower compressive and tensile strength compared to 
metals and ceramics. Understanding the materials and their properties used in prosthetics are vital to 
selecting a material for further analysis. As testing for biocompatibility is outside of the scope of this 
dissertation, the materials used will be limited to those already used in biomedical applications. Each 
common material used in prosthetic hips (Yong Hu & Yoon, 2016) is discussed below.  
 
Figure 24 shows the basic properties required in a successful material selection. This material selection 
focuses on mechanical properties and interactions, biocompatibility as well as exact manufacturing 
processes are largely ignored. Manufacturing has still been considered, but from the perspective of 
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5.2.3 Polymers  
Recent advancements in polymers have made them a far more viable option for prosthetics. Polymers 
are currently being used in medical applications ranging from heart valves, stent, cartilage, scaffolds, 
prosthetic joints, artificial skin, catheters and many other uses in the musculoskeletal system (Francis, 
Arun, Navas, & Joseph, 2018). Polymers can be found in bearings as part of metal-on-polyethylene 
bearings and ceramic-on-polyethylene. Advanced manufacturing process that allow for extensive 
crosslinking of materials with varying properties allow for polymers to be a more capable structural 
member. Research is being undertaken as to their overall applicability to be the primary material of 
the femoral stem.  
 
There are several common and high performing polymers used in biomedical applications. Some of 
these materials include Ultra High Molecular Weight Polyethylene (UHMWPE), Low Density 
Polyethylene (LDPE), Polytetrafluoroethylene (PTFE), Polyetheretherketone (PEEK) and Polyethylene 
Terephthalate (PET). Polymers have closer material properties to that of natural bone, being lower in 
density and having a high modulus of elasticity, which give extensive credible uses within prosthetic 
implants. Polymers typically lack the compressive and tensile strength of metals and ceramics, which 
may be advantageous in applications where compressive forces exerted on the implant may be 
desired, such as fastening the femoral stem.  
 
 
Table 17: Wear rates of implants (Gallo, Goodman, Lostak, & Janout, 2012) 
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The intimate connection results in the production of a number of forces. These forces are essential, 
as they act as the stability component of the prosthetic prior to bone ingrowth. Figure 26 shows some 
of the forces in this type of intimate connection. The energy transformation results in friction and 
heat, as well energy dissipation to the materials including plastic deformation as a result of 
compression, binding and ploughing. The release of particulate matter due to asperity interlocking as 
a result of friction on high points can prevent bony ingrowth. In the femoral stem-bone interaction, 
phenomenon such as wear are negligible as the process takes place over seconds, rather than over 




In most modern prosthetic hip replacements, the common materials used create extreme differences 
in mechanical properties at the point of interface. When extreme differences occur in properties, such 
as compressive strength, Young’s modulus and Poisson’s ratio, the bulk if not all the damage is 
transferred to the weaker material. In a prosthetic hip, this can result in significant compression on 
the bone that results in trauma capable of limiting bone ingrowth. The bulk of the damage during 
insertion is caused by compression and friction. In order to minimise damages, tribo-performance 
needs to be optimised. Figure 27 below shows the different types of tribological phenomena.  
 
 
Figure 26: Effects of tribology (GGB, 2020) 
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5.4 Means of optimising tribo-performance  
The most critical aspect of optimising tribo-performance is identifying the critical factors influencing 
and limiting the tribo-performance. Tribology can be broken up into several categories. These include 
(Leyland & Matthews, 2006); 
• Nanotribology – phenomenon that relate to the interactions between molecules and atoms 
including van der Waal’s forces and crystalline structures 
• Microtribology – phenomena such as fracture, elastic and plastic deformation, debris 
formation, surface layer formation and topography effects 
• Macrotribology – long range stresses present within contacting bodies. It is important when 
considering the loading response  
• Decitribology – defining and measuring typical parameters from interacting components that 
define performance such as torque and force 
• Unitribology – deals with tribological factors that can impact on overall system performance, 
such as efficiency and down time 
 
This material selection aims to improve micro and macro tribological interactions. The key tribological 
indicators for the femoral stem insertion are mating conditions, the mechanical properties of the 
material, geometrical features and the type of lubricant used. Common industry practice does not 
have the presence of lubricants during the insertion and provides an area where substantial benefits 
may occur. A key aspect of this material selection is that is only based on surface interactions between 
Figure 27: Types of tribological phenomena (Leyland & Matthews, 2006) 
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bone and the material. As a result, it may be appropriate to simply have a nanoscopic material coating 
on what would usually be the polished section of the femoral stem implant.  
 
A key consideration of the bone-implant surface is how the contact region can cause or promote stress 
shielding. Stress shielding is the redistribution of load that typically occurs on the natural bone, 
resulting in a reduction of bone density and causing other clinical risks such as fracture, compression 
and particulate release which is often associated with aseptic loosening (Wheeless, 2012). Stress 
shielding can be a result of the varying stiffness between the two contact materials, resulting in the 
stiffer material (the implant) shielding the bone from the load (Glassman, Bobyn, & Tanzer, 2012).  
 
Tribo-performance can be difficult to test with simulations and theory. A significant component of the 
tribo-performance is being optimised through the theoretically based material selection. One of the 
considerations is selecting a material that has the most similar properties to bone, therefore 
alleviating some of the phenomena shown in Figure 12, such as the extreme substrate deformation. 
Another key aspect to improve tribology is through temperature control, which as discussed in the 
literature review can reduce the coefficient of friction. The theory provides a clear indication that 
polymers will produce improved bone-surface reactions, which can be attributed to their lower 
hardness values and Young’s Modulus. An exact ‘best performer’ is not practical to select based upon 
a purely theoretical review.  
 
 
5.5 Validity of polymer coating on a structural material  
Studies have been conducted in the past that assessed the validity of coating metal femoral stems 
with a polymer coating. A study conducted in the early 1980’s using a porous Polysulfone-Coated 
Femoral stem showed little changes to fatigue performance and shear performance whilst still 
delivering equal results to traditional titanium femoral stems with respect to aseptic loosening 
(DeMane, Beals, McDowell, Georgette, & Spector, 1987). The key findings were that thermoplastic 
coated femoral stems in 1987 could offer at least similar outcomes as titanium and requires further 
investigation. With modern advancements in material sciences and developments of new materials 
such as PEEK, fibre-reinforced PEEK and other polymers on the market such as LDPE, positive clinical 
results may be able to be achieved.  
 
Other varieties of coated femoral stems have been tested. Another common material found in the 
literature is hydroxyapatite-coated femoral stems (HA coated). HA coatings have varying results 
reported, with some instances showing that degradation of the coating has occurred in the early 
phases, where as other reports show positive for fixation due to bone ingrowth (Furlong & Osborn, 
1991) (Glassman, Bobyn, & Tanzer, 2012). The reasons for poor clinical results may be excessive high 
porosity resulting in excess stress shielding, damages during insertion and physiological responses to 
the coatings. With mixed results found in literature, it identifies a promising area that is worth further 
investigation. 
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In addition to these studies, coated femoral stems are already in use. John and Johnson Tri Lockr 
femoral stem is a commercially available for use in prosthetic hips and features a porosity-controlled 
coating to support bone ingrowth. The coating used in the Tri Lockr is designed to allow for bone 
ingrowth in a specific region, however it is not designed and tested to reduce mechanical damage 
during the insertion or minimise stress shielding due to differing material properties.  
 
There is enough significant literature evidence that shows promise to polymer coated femoral stems. 
Modern technology advances make it more practical to achieve coated femoral stems. As this is not 
currently commercially available, there may be some changes and research required into the 
manufacturing on coated femoral stems, however any details outside of the basic feasibility of coated 
femurs is outside scope of this dissertation.   
 
 
5.6 Key Engineering Characteristics  
When designing for an engineering application, there are many key characteristics that need to be 
considered. The key characteristics can vary extensively based on the application. The material 
selection for a structural femoral head will require higher strength and wear resistance than a coating 
for the bone-implant contact interface. That does not fully exclude the value in design considerations 
of these mechanical properties. Previous studies have been conducted that highlight the high-level 
design considerations for implant materials (Katti, 2004). These are; 
• Biocompatibility – The ability to withstand the chemical attack present in the body 
• Strength – The component can withstand adequate forces and cyclic loading up to 106 p.a. 
• Wear and chemical resistance – The material does not wear excessively or degrade releasing 
damaging particulate matter 
• Economic viability – The materials used are affordable for a mass production 
 
When assessing an appropriate material for use as a coating, there are additional key critical 
properties that can impact on performance. These include density, compressive strength, coefficient 
of friction, porosity, Young’s modulus and tribological interactions. The key assessment criteria on 
which the materials will be selected on is their comparability to bone. Understanding how these 
properties can impact on the performance of the final design is key to successful design. Assessing the 
chemical resistance is largely outside the scope of this thesis, as the material selection is limited to 




5.6.1 Density  
Density is a key material property of all materials and describes how heavy an object is per unit of 
volume. Weight is typically a common design factor when extensive manufacturing, installation and 
logistics can vary depending on weight. On its own, the density of a material will hold limited value, 
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however when combined with Young’s modulus or strength can give substantial insight into materials. 
The ideal hip implant is something that is high strength and low weight, emulate as closely to the 
natural bone. The two figures below show the density vs Young’s modulus for common materials and 






































Figure 28: Density v Young's modulus of common materials (The University of Cambridge, 2020) 
Figure 29: Density v Young's modulus of bone (The University of Cambridge, 2020) 
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5.6.2 Young’s Modulus  
The Young’s modulus is a mechanical property that measures the stiffness of a material. It is calculated 
from the stress (force per unit area) divided by the strain (deformation). A highly stiff material has a 
high young’s modulus, which indicates that it has minimal deformation before elongation or fracture. 
Bone typically has a high young’s modulus, as it shows very little elastic deformation before fracture. 
The Young’s modulus can be used to estimate the amount of deformation that a material will undergo 
during loading applications. In prosthetic hip design, it is important to prevent plastic deformation of 
the implant and minimise elastic deformation to remain consistent with the reactions of the bone 
under load. Figure 29 above shows the Young’s modulus vs density of common materials, whereas the 






















5.6.3 Porosity  
As identified in the review of literature, porosity control has proven to play a critical role in the long-
term survivability of femoral stems and acetabulum cups. The typical porosity of cancellous bone 
within the femur as between 70-80%, making it a highly porous material. The most stable prosthetics 
are those that have significant bone ingrowth. High levels of bone ingrowth have been proven to occur 
in materials with higher porosity, closer to that of bone. This knowledge has been taken to industry, 
with femoral stems such as DePuy’s Tri Lockr Bone Preserver femoral stem feature a porous coating. 
In order to best support bone ingrowth, the material coating of the femoral stem should have a high 
porosity to maximise performance.  
Figure 30: Young's modulus v fracture energy of bone (https://www.doitpoms.ac.uk/tlplib/bones/stem.php) 
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A key finding when investigating porosity is the variability that can occur. Many different materials 
can have varied porosity based upon the manufacturing process. With the developments in 3D 
printing, porosity control is also relevant to metals. As such, a specific porosity of a material is hard to 
quantity.   
 
 
5.6.4 Compressive strength  
The compressive strength is a key loading situation of the femur. When walking, running or jumping, 
the weight of the person is transferred through the body to the legs through the femur, applying 
compressive forces substantially higher than the weight of the person. Being able to withstand the 
compressive forces without becoming plastically deformed is a key characteristic required of the 




Figure 31: Compressive strength vs Density of common materials (Bauer, Meza, Schwaiger, & Schaedler, 2017) 
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5.6.5 Coefficient of friction and tribological interactions  
The coefficient of friction between two materials is an easily defined value through use of experiment. 
A key consideration when factoring in the coefficient of friction is that it can have significantly different 
responses in different circumstances. Though tabulated data is available for general use, for accuracy 
and best practice, the physical test of coefficient of friction of interactions between various materials 
and bone should be established, however due to experimental limitations and time durations, this 
experiment is outside the scope of this dissertation.  
 
There are two factors to consider when evaluating the coefficient of friction for a material selection 
on femoral stems. These are minimising friction during insertion to minimise trauma and maximising 
the friction once inserted to maximise the initial implant stability. As there are two entirely different 
features required by the tribological interaction, defining a specified ‘best’ value of coefficient of 
friction is incredibly difficult. This dissertation will make recommendations based on theory, however 
the experimental testing is outside the scope of this dissertation. A key component of improving the 
insertion process is pre-cooling the implant. This can have benefits on both size, as discussed earlier 
but also on the kinetic friction. Pre-cooling may reduce size of the implant whilst also decreasing the 
coefficient of friction (Kauffman & Vondracek 2015). 
 
The most common measure for coefficient is that of ASTM D1894-14. This method involves applying 
a fixed weight to a material and dragging it along a stainless-steel surface in a dry or wet condition. 
ASTM D1894-14 is the standard that has been used when extracting coefficient of friction values from 
available resources. As a coefficient of friction is found through experimentation, different references 
and manufactures can still provide variation in values for the same material property. This is 
particularly relevant when considering bone, which can vary between different people, but also within 
the body itself. Because of this, coefficient of friction values are one of the key limitations of this 
dissertation.    
 
Tribo-performance can be difficult to predict without experimental data. It is widely accepted in 
prosthetics that differences in material properties have had negative impacts on the surface-bone 
interactions and can induce phenomena such as stress shielding. The physical properties that can 
impact the tribo-performance are surface roughness (impacts tribological stresses), hardness and 
compressive strengths (can shield the bone from usual forces), coefficient of friction (force required 
to insert the prosthetic) and porosity (impacts on bone ingrowth). Although porosity is not typically a 
large factor in tribology, it plays a crucial role in prosthetic implants and the implant-bone interactions.  
 
 
5.6.6 Hardness  
Hardness is the ability of a material to resist deformation and is a key contributor to tribological 
performance (Engineers Edge, 2020). Hardness is a key value as in general, increasing the hardness 
increases the resistance to wear from other materials, water, oil or other bod fluids. There have been 
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several methods developed for hardness testing, with the three common methods as Brinell, Rockwell 
or Vickers hardness tests. With no definitive conversion between methods, the key to analysing 
hardness is ensuring the method remains consistent.  
 
By selecting materials with hardness as a consideration, many phenomena can be reduced or 
eliminated, as presented in Figure 12. It is worth noting, that depending on application, such as a 
material that is designed to wear first, a lower hardness value may be desired. In this instance, the 
goal is most evenly distributed the forces and wear between the bone and the prosthetic. As this is 
the case, the objective of this material selection is to select a material that is most like bone.  
 
5.6.7 Coefficient of thermal expansion  
The coefficient of thermal expansion refers to the material property that defines how much it expands 
or contracts with heat fluctuations. Coefficient of thermal expansion is a key consideration in this 
material selection as one of the design approaches during insertion is to apply pre-cooling to the 
prosthetic. By applying the pre-cooling, the overall size of the material will shrink, in turn reducing the 
size of the material. With the physical size of the prosthetic less, it will be easier to insert, requiring 
less force and minimise damage and risk of fracture. Once inserted, the prosthetic will then expand 
and give the same level of implant fixation as it would at the human body temperature of 37oc.  
 
The selection criteria for the coefficient of thermal expansion is to select a material that has the largest 
value. The largest value means that material will undergo the most significant change under 
temperature loads. The coefficient of thermal expansion for bone is not required as the body is 
maintaining a consistent temperature.   
 
5.6.8 Poisson’s ratio   
Poisson’s Ratio is a measure of how much the material deflects in a direction perpendicular to the 
direction of loading as displayed in figure 33. Therefore, we can determine that the poisons ratio is a 
measure of the strain generated in the lateral direction divided by the strain generated in the 















Figure 32: Poisson's effect (PolymerDatabase 2020) 
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The larger the Poisson’s ratio, the larger the deflection in the perpendicular direction to loading. 
Poisson’s ratio is considered to be viscoelastic, which means much like coefficient of friction, it can 
change with a multitude of factors including temperature. For the scope of this dissertation, it will be 
treated as a constant value, though if applied correctly, ANSYS simulations may take this into account 
for pre-loaded materials. 
 
In the scenario of the press-fit, the load is applied through compression induced by the bone. Because 
the majority of the stress is coming along the medial-lateral direction (the largest side) as it is the only 
side to be induced with compression, the higher the Poisson’s ratio, the more deflection that will occur 
towards the rest of the body. The larger the deflection, the more significant the contract pressure and 
stress in the direction not specifically. The larger stress will improve the implant stability, therefore 
the higher the Poisson’s ratio, the better. Because the higher Poisson’s ratio will yield better implant 




5.7 Material selection  
A key aspect of this material selection is comparing the properties of materials to bone. The material 
being selected will be used as a coating on a prosthetic hip and not composing of the bulk of the load 
transferring ability. As an understanding of materials and their properties has been discussed, the next 
step is defining the characteristics of the cancellous bone to be used. It is worth noting that the 
properties of bone can vary extensively throughout the body as well as from person to person. It is 




5.7.1 Complied Materials Table   
The table below shows a compiled table of material properties. The top row features bone as the 
control group and reference material for which the material selection will occur. The following table 
has been constructed by a thorough review of literature; in some cases, the maximum value of 
porosity has been used. Much like bone, the exact values of materials and their reactions can be 
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PEEK are only slightly closer to that of bone when compared to the counterparts, however with the 
discrete selection method chosen, PEEK appears drastically better than other materials. It is also an 
important consideration that not all mechanical properties of a material can be considered, so this list 
and material selection is not exhaustive.  
 
 
5.8 Feasibility of PEEK coatings  
The initial feasibility of a coated structural has already been addressed in section 5.5 - Validity of 
polymer coating on a structural material. The next phase of the material selection is whether the 
manufacturing processes of the chosen materials can facilitate porosity control and the application of 
a coating another material. If PEEK, or other polymers prove to be successful and yield positive results 
in this dissertation, there are several approaches that could be taken to generate a sleeve or polymer 
primary interface surface as modelled in this dissertation. This could include a direct coating during 
manufacturing or fixing a small layer onto the finished stem through various fastening methods 
including direct methods such as screws, an interference fit, glue or a combination of all three.  
 
 
5.9 Material Selection summary  
The material selection has been conducted to find a material that can improve the interactions 
between the bone and the femoral stem. The material selection theory utilised is the property 
parameters approach. The relevant material properties have been studied and assessed based upon 
their similarity compared to bone. One critical property that could be utilised was tribological 
interactions. Due to the complexity, a value can’t be easily identified but has been theoretically 
analysed and be predicted based upon other properties. The closest material to bone received a score 
of one, the next two, etc. The highest performing material utilising this material was PEEK followed 
closely by other polymers including LDPE. All polymers significantly outperformed the traditional 
materials of titanium and ceramics. The completion of the material shows that positive improvements 
could be made through the appropriate selection of materials. In order to further support the material 
selection, validation has been conducted in chapters 6-8 of this document.    
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Chapter 6: Finite Element Analysis 
6.1 Overview  
This section shows the details and parameters conducted as part of the FEA. The full results of this 
section displayed in Chapters 7 & 8 Results and Discussion, respectively. The purpose of the FEA is to 
assist in answering the research questions stated previously. The FEA seeks to give the following 
information; 
• Quantify benefits of a polymer coating, including phenomena such as stress 
shielding and tribo-performance by showing stress and deformation distributions 
on the implant and bone 
• Quantify benefits of pre-cooling by showing changes in stress and deformation 
distributions at varying temperatures 
• Determining change in pull-out force from the material change 
• Assessing the structural performance and feasibility of a polymer coated femoral 
stem 
 
With these findings, the research objectives will be achieved and if successful, become grounds for 
future studies, which would include practical testing of materials before live testing of a prototype.  
 
 
6.2 Material selection and press fit  
The material selection is a key role of this Finite Element Analysis. The material selection has been 
made to improve tribo-performance and reduce stress shielding while utilising modern manufacturing 
process to apply a polymer coating to a structural material. This will ensure that both the life 
expectancy and the structural stability of the implant is not compromised. Quantifying the benefits of 
the polymer coating is key for future work and getting answers to the original research questions.   
 
In order to effectively simulate an interference fit a nonlinear contact simulation is required. The first 
step of creating the model is found in Chapter 3 – Methodology. The original model features a 6mm 
recess created within a simulated femur model, as pictured in the methodology. This recess simulates 
the cavity that is created during the femoral stem insertion surgery, using a specially design femoral 
shaped reamer. The femoral stem features 0.25mm of interference in the medial-lateral direction, as 
per the original equipment manufacturer standard. From here, the first phase of the FEA is conducted.  
 
The press fit simulation requires certain constraints in place to be effectively run and the results to be 
of value. In order to increase the processing efficiency, the simulation was run over a 50% symmetrical 
study. To complete this, a frictionless boundary condition is applied to the plane of symmetry. Though 
a human femur is not entirely symmetrical, the man-made cavity that is reamed out in practice forms 
a symmetrical cavity and contact region of the final implant. As this first simulation is testing the forces 
applied by the interference fit, rigid body motion is to be prevented as much as possible. To prevent 
this motion, several steps are taken and are detailed below. The first step is to turn on weak springs 
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and large deflection. Weak springs is often an ANSYS recommendation to prevent rigid body motion. 
Weak springs effectively stabilises the mathematical model used by ANSYS to converge on a solution. 
Large deflection is applied to show how the values change once already under compression. The 
common example of a large deflection is the use of a bent over fishing rod, where compression and 
flexion make it harder for more compression and flection. In order to show the deformation, ramped 
effects are applied. This allows for the analysis to be viewed over a time period, showing stress when 
deformation is partially or fully completed. The model also features two fixed constraints on the 





















As the only forces applied in this first simulation are gravity and interference fits, the constraints 
should not affect the outputs as a result of interference. The femoral stem in this component has been 
modified to include a 0.25mm interference in the medial-lateral direction. The coatings have been 
constrained with a bonded contact interface, whereas the bone-prosthetic interface is bonded with a 
frictional contact. The frictional values have been changed based upon the material used and is 
featured in the table below. The maximum friction value used for dry contact is 0.2. Any value above 
0.2 causes a failure to diverge on a solution within ANSYS mathematical system.  
 
Estimating the coefficient of friction has proven to be an extremely difficult aspect of determining 
accuracy in the model. The coefficient of friction will vary between each material and with each 
material combination. As there is no significant study testing for the static and dynamic coefficients of 
friction of the proposed materials on bone, the best estimate approach has been taken. In order to 
determine the best estimate, the coefficient of friction values of the material has been taken into 
Figure 33: Femoral stem and fixed constraints 
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The original FEA was conducted at a temperature of 22 oC for both the bone and femoral stem. This 
simulation includes a constant heat applied to the bone of the femur with the femoral stem having 
constant head loads that vary as required. When conducting this FEA, any variance of the coefficient 
of friction as a result of pre-cooling has been ignored, as there is not enough scientific data to 
determine differentiations. This simulation is effectively a replica of the original press fit, with the 
addition of temperature loading conditions.   
 
 
6.4 Loading conditions and stress shielding  
In order to test for stress shielding, the loaded femoral stem condition is tested. The applied load is 
based upon an average human body weight of 80kg, and a maximum loaded being experienced up to 
eight times the weight of the body. This provides a maximum load of 6.2kN for this patient. In order 
to have a more robust sample, a load of 10 kN has been applied. This accounts for a 100kg person and 
up to 10x their normal force. The load applied is being tested upon all of the various material 
combinations. The distribution of forces are then analysed to see the distribution between the bone 
and the femoral stem.  
 
 
6.5 Structural performance of polymer coated femoral stems  
A full FEA of the coated femoral stem is to be conducted to ensure the polymer-coated femoral stems 
are still structurally sound for the purpose. This simulation is conducted with the femoral stem as an 
individual component. The forces experienced during motion are up to 10x the weight of the person 
and a trial mass of 100kg has been selected. Simple constraints along the edges that would normally 
be supported by bone have been put in place.   
 
 
6.5 Pull-out force  
The pull-out force is being simulated to generate the trend data. It is important to note that there is 
no data available in the prosthetic industry that indicates what pull-out force is necessary. As a result, 
a positive or negative conclusion can’t be drawn from this simulation, but it will provide trend data 
that can be used to determine change and establish trend data.  
 
The pull-out force is being established in an effective manner, however may not be the most efficient. 
The method being utilised for the pull-out force is to load the stem in the Y (upwards) direction and 
perform a convergence study. This is done by applying an anticipated load of 1kN, applying an 
excessive load of 2kN. The higher load will fail with an error message that states ‘errors may be present 
due to the contact surface experiencing an abrupt change’. The failure in this mode is due to the 
prosthetic having been pulled. The gap is then narrowed until it converges on a solution. This style of 
convergence is similar to that taken for defining the mesh.  
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6.6 Constructing the mesh  
Constructing a well thought out mesh is vital to getting accurate results whilst maintaining 
computational efficiency. The mesh has been constructed in the first instance by automatic meshing. 
The automatic meshing functions built into ANSYS was effective at creating a simple and consistent 
mesh density. 
 
From here, mesh improvements have been made. There were several key contact areas in all FEA 
simulations conducted. These included the primary interference contact interface of the femoral stem 
and the bone and certain points that were presenting errors as a result of sharp edges. The figure 
below shows the refined mesh on the femoral stem contact surface with a maximum mesh size of 
3mm. The mesh was also refined on the same contact surface for the femur section. The mesh has 
also been improved on the key contact edges of the femur. Due to the fillets on the femoral stem and 
the femur, the contact region has an increased mesh to yield better results. This mesh quality has 
been maintained for all simulations, unless specifically stated otherwise.  
 
  
Figure 34: Mesh used on the femur and implant 
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As can seen, the mesh is far more refined on the frictional contact surfaces and the area where 
stress concentrations have been found. With the model built, constraints in place, mesh refined, and 
the materials being selected, the simulations can now be run.  
To determine the validity of the mesh, a brief mesh convergence study was conducted.  
 
6.7 Mesh convergence  
A brief mesh convergence study was conducted to determine the validity of the mesh. A simulation 
was run with the automatic mesh provided in ANSYS, followed by a refinement to 3mm mesh on the 
contact interface and a further refinement to 1mm on the primary contact interface. Figure 34 
shows the variation of the outputs based upon 1 and 3mm mesh grades. The automatic mesh has 
not been included as it was so coarse that it could be safely ignored from further analysis.  
 
The mesh convergence shows that small changes in displacement (deformations) can be observed 
between the two models. It is worth nothing that the measurements observed have been applied 
manually at the locations. Throughout the rest of the study, when the same mesh has been applied 
it is easy to determine the same location to take measurements at (a cross section of give mesh 
nodes). The difference in mesh sizes makes it difficult to select the exact same location in this 
circumstance for measurements, however, does not take away from the intent of the convergence 
study. The extremely small changes between the two models make it evident that a reduction in 
Figure 35: Mesh convergence 
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mesh size below 1mm will produce minimal improvements and for the intent of the study the 3mm 
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Chapter 7: Results 
7.1 Overview  
This section provides the full results of the dissertation. This includes a summary of the FEA results in 
tabulated form and how the results sections have been interrogated for each section. The details of 
how the FEA was set up is displayed above in Chapter 6: Finite Element Analysis.  
 
 
7.2 Material selection outcomes  
The full detailed material selection is described in Chapter 3 – Material Selection and Tribology study. 
The purpose of the material selection was to choose a material that can improve the performance of 
prosthetic hips during insertion and long term, by applying a material coating to a femoral stem. The 
key considerations of the material selection were material properties such as density, yield strength, 
compressive strength, hardness and thermal conductivity. The key selection criteria was comparing 
the material properties of proposed materials and their similarity to bone.  
 
The result of the material selection was that Polymers were the highest performing with respect to 
their similarity to bone. The materials selected already have proven biocompatibility by already having 
uses in biomedical applications. The materials that were selected for testing including Low-Density 
Polyethylene, Ultra-High Molecular Weight Polyethylene, Polypropylene and Teflon (PTFE).  
 
 
7.3 Press fit FEA Results  
This section provides the outcomes of the press-fit, baselining simulation. Several materials as stated 
above were tested using ANSYS Workbench to determine the forces present from the interference fit. 
Each section below shows how the values have been obtained and the interrogation of the results. 
The two key parameters in this section are stresses and deformation. The strain values are a measure 
of deformation over original length, therefore provide limited additional information for the increase 
in computing time.  
 
 
7.3.1 Deformation  
Deformation is an important metric that shows by how much and where the physical change of the 
material occurs. The figure below provides an example of the total deformation distribution of LDPE 
as a result of the press-fit simulation. In this image, the maximum stress is occurring on the bone, 
where the 0.25mm interference of the femoral stem insert is present. This is an expected result, as 
the bulk of the deformation is expected to occur on the bone. The anticipated result of this section 
was that PEEK, LDPE and other polymers would have a lower deformation on the bone and higher on 
the insert itself. The full results are displayed in table 22 at the end of Chapter 7.3.  
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There is one key anomaly on this data below. There is a maximum deformation value of 0.396mm. 
When the deformation is investigated, it is clear that there is a stress concentration present as a result 
of rounding on the sharp edges. In order to improve this design, rounded edges, the same as those of 
the prosthetic have been applied. Modifications to the model and the mesh were able to minimise the 
impacts of this stress concentration. In this small corner however, an obstructed result is still 
occurring. Because the cause of this result is known and the location does not interfere with the 
primary contact interface, it can safely be ignored.  
 
The figure below feaures three models. The three models shows the deformation of the bone as a 
result of titanium, the deformation of the titanium femoral coating and the defomration of a LDPE 
femoral stem respectively.  When looking at the deformation values, it is clear the titanium enduces 
larger values of deformation on the bone, and lower values of deformation on the titanium. Though 
minor, the deformation on titanium is less than 0.01mm, where as the average deformation of LDPE 
range was 0.08 mm. A similar comparison can be performed on the femoral stem. The femoral stem 





In order to achieve consistency in the model, only five consistent data points have been used on each 
model and an average taken. The full data is available as an appendix. The fix data points are shown 
below, denoted as node 1 – 5. The mesh been refined since the generation of figure 36, it is used for 
illustration purposes only.  
 
Figure 36: Deformation of the femur, deformation on titanium stem and deformation of LDPE stem 
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Strain is a measure of elongation over the original length. As the maximum deformation incurred in 
the LDPE was 0.02mm over an original width of the femoral stem of 3.25mm, a maximum strain of 
0.006 is expected. The images below show the strain values on the LDPE femoral stem and femur. As 
is seen, strain values are small, and reaching a maximum value of 0.025 on the interference surface 
and up to 0.21 in some stress corner stress concentrations in the simulation. These results are not 
unexpected. As strain values are a measure of deformation over original length, they provided little 








Figure 38: Von Mises Stress on contact interface 
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Figure 42: Maximum principal stresses on interference interface 
Figure 43: Maximum Von Mises stresses on interference interface 
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The same interrogation has been taken into displacement. There were no significant variations 
between the two models as experienced in stresses and strains in the medial lateral planes. No 
significant conclusion can be drawn from the loaded condition simulation. It is most likely due to the 
difficult in simulating the complexities of real life loading conditions.   
 
 
7.7 Structural performance FEA Results  
The structural performance of the polymer coated femoral stem is a key criterion of a successful 
femoral stem. A stem that is unable to hold the likely forces obtained in normal motion is not 
functionally capable. The femoral stem has been tested for structural performance when a polymer 
coating has been applied. As the simulation was being tested, it was noted only one type of polymer 
was required for testing.  
 
The femoral stem was constrained along the edges where it makes contact with the bone. This 
simulates the presence of femoral bone supporting the femoral stem along the edges and is depicted 
in the figure below. As symmetry has been applied to this femoral stem, a frictionless support has 





Figure 46: Constraints and loading conditions for structural assessment 
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A simulated force of 10kN was then applied to the femoral stem along the axis where it is loaded in a 
standing position. The actual force applied was 5kN as symmetry has been applied to the model. This 
simulates a total force of 10kN if the whole model was used. A load of 10kN has been chosen, as forces 
up to 10x the bodyweight can be experienced. Assuming a 100kg person has the femoral stem, this 
gives a resultant force of 10kN. The location of the force is along the top edge, where contact would 
be made to install the femoral head and is depicted in the figure above.  The simulation was then run 
and results displayed below. 
 
The Von Mises stress distribution is presented. The results show a maximum Von Mises stress of 426.8 
MPa and is located in a small stress concentration on the lower curve of the femoral stem. This 
concentration is extremely isolated due a small differentiation between curves of the femoral stem 
model. This concentration could be alleviated through slight design modifications, however with a 
stress of 426 MPa and a yield stress of Titanium of 880 MPa, a factor of safety of two is still provided. 
As was anticipated, the bulk of the load has been transferred through the structural titanium. Because 
of the distribution of forces, we can safely conclude the polymer coating has not limited the structural 
performance of the femoral stem.  
 
 
Figure 47: Von Mises stress distribution of structurally loaded femoral stem 
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In addition, the maximum principal stress has been interrogated, showing a maximum principal stress 
at the same concentration area. A maximum principal stress of 168.5 MPa, which again is safely within 
the parameters of the material. The total deformation shows a maximum deformation of 0.085 mm 
and maximum strain of 0.02 mm/mm, which is minimal. These results are displayed below.  
 
 
The results above show that the polymer coated femoral stem can support expected bodily forces 
without detriment. It is noted that the factor of safety is only marginally above 2, therefore it would 
be recommended to conduct a real test on a prototyped model.   
 
 
7.8 Pull-out force simulation  
Due to the lack of data available in the prosthetic hip surgery, there is no known value of pull-out force 
that is required or optimal. The pull-out data can be used for future reference and still gives a sound 
indication of forces required to move the prosthetic. The method taken to determine the pull-out 
force may not be the most accurate, however it does provide sound interaction.  
 
At this section of the report, it is already known that LDPE is one of the highest performing materials. 
In order to reduce computational time, the pull-out force convergence has only been conducted on 
LDPE and Titanium. The coefficient of friction values being used are those defined in Chapter 6.  
Figure 48:Stress, deformation, and strain on structural assessment of femoral stem 
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When compared to the other simulations of different materials, it was noted that they appeared to 
have successfully delivered results in some circumstances. This can be seen in figure 47 below. As is 
to be observed, the results show that strains value are changing with the position of the femoral stem   
 
The final motion simulation, displayed in figure 48, shows the principal strain values with 
displacement. In position 1, it is observed that an initial strain on the stem is present. After the motion 
simulation, the principal stress remains unchanged. This provides a clear indication of errors in the 
simulation. Despite extensive efforts to rectify the simulation, a credible solution for all cases could 
not be identified.  
 
Figure 51: Failed femoral stem displacement simulation 
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7.9 Results summary  
FEA simulations have been run to predict the responses of polymer coated femoral stems and 
compare them to traditional implant materials. The results show that polymers display a more even 
distribution of stress, strain and deformation when compared to titanium and zirconia at standard 
temperature and pressure. Further simulations have shown that pre-cooling polymers could result in 
a reduction of deformation by 3-5%. The distribution of stresses remained largely unchanged under 
temperature control. The loaded femoral stem condition showed minimal difference to the press fit 
and is discussed in detail in the discussion section. The structural assessment of the femoral stem 
showed that a 100kg person could exert a force up to their weight and still maintain a factor of safety 
of two. The simulations have shown that polymers yield better results for stress and deformations 
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Chapter 8: Discussion 
8.1 Discussion overview and validation approach 
This section includes a discussion about the overall results obtained and some of the validation 
methods taken. In most instances, the results obtained were expected and were validation to the 
theoretical expectations. Though FEA has proven itself to an extremely effective method of simulating 
models, it still carries a level of risk and significant limitations. Further practical testing should be 
conducted, particularly in a feasibility study like this.  
 
8.2.1 Press fit simulation  
The first simulation conducted was a simple press fit simulation. The simulation was conducted with 
0.25mm interference as per current industry standards and the results were interrogated. The results 
of the press fit displayed a better distribution of stress and deformation was achieved from all 
polymers when compared to the metals and ceramics. Traditional materials showed a stress 
differentiation of 6-15 MPa, whereas the polymers ranged from 0.5 – 4 MPa. Reduced deformation 
was also observed. The traditional materials showed 0.25 mm of deformation on the bone, whereas 
the polymers had values as low as 0.14 mm. LDPE was the highest performing polymer when it came 
to the press fit. Though the material selection showed that PEEK had the most similar properties to 
bone and would be the highest performer, the FEA highlighted that there must have been a potential 
oversight relating to one or more material property.  
 
We can easily identify the oversight by further interrogating equations from the literature review. The 
equation for contact pressure of dissimilar materials is; 
 
    (Dornfield 2004) 
 
   
And the stress created can then be calculated with; 
 
                                      (Dornfield 2004) 
     
 
Where p = contact pressure created, E = Young’s Modulus, 𝛿 = the amount of interference, v = poisons 
ratio and R and r are the radius’ of the shapes. The complexity of shape makes these equations difficult 
to apply directly to the model, however the theory is still relevant. We can see that key determining 
difference between similar and dissimilar materials is the consideration of both Young’s Modulus and 
Poisson’s ratio. The stress will only change in our case, with changes in the contact pressure, which is 
due to the aforementioned material properties. Therefore, we can see that for the stress and 
deformations, the key properties are lowering the Young’s Modulus and Poisson’s ratio. In the 
material selection, these were compared to bone and ranked based upon how similar they were, 
whereas the material selection should have considered the lowest value to be the highest performing. 
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The FEA has validated the standard theory for the complex shape, showing the best performance from 
the lower Young’s Modulus, as would be expected. Though not present in the press-fit simulations 
conducted, it would be possible to overcorrect and have excessive deformation on the femoral stem. 
 
Despite the error in material selection due to oversight, all simulations results still yielded a significant 
and valid outcome, which was still aligned with the theory. The results showed that LDPE had a 
deformation of approximately 0.09 mm on the stem as displayed in table 22, which is approximately 
9x more than titanium and Zirconia. In addition to the deformation, LDPE had a similar distribution of 
stresses with a spread of 0.5 MPa when compared to Titanium and LDPE having differences of up to 
12 MPa.  
 
LDPE was the highest performing polymer, in contradiction to the material selection. The discrepancy 
between the material selection and the performance between LDPE and PEEK can be attributed to the 
approach of the material selection and compressive strength. The key deficiency in the material 
selection was comparing compressive strength to bone, rather than seeking a minimum compressive 
strength. In the instance of compressive strength, it is evident in this circumstance that a lower 
compressive strength will have a greater deformation on the implant and improved stress distribution 
between surfaces. The results still yield a significantly positive outcome and show a clear indication 
that polymers will provide better distributions of forces.  
  
8.2.2 Temperature control press-fit simulation  
The same press-fit simulation was conducted with the addition of temperature control input of 4oC. 
The temperature control input has been applied to simulate having taken the prosthetic from the 
fridge immediately prior to insertion. The expected outcome from the temperature control was a 
slight reduction in deformation on both the bone and the implant due to the contraction in material 
size. It was also expected to see a minimal change in stress, however, once the body has heated the 
prosthetic to bodily temperature (37oC) the stresses and deformation would be the same. The 
temperature-controlled results were interrogated and compared to that of the original press fit to 
determine if any measurable change was observable. 
 
In almost all instances, the results of the temperature control were positive. The maximum change to 
deformation values was approximately 8% on polypropylene, or a difference in deformation of 
0.011mm. The average deformation as a result of the temperature control was closer to 3-5%, or a 
value of approximately 0.005-0.007 mm as displayed in table 23. The distributions of stresses as a 
result of temperature control were minimal and yielded no significant benefit. There were some 
anomalies in the stress data that showed an increased stress difference. The most significant was 
titanium, UHMWPE and PEEK, where a stresses difference of up to 2 MPa was observed. The exact 
cause of this rise has not been identified. In four of the seven simulations, the expected result was 
achieved, and the methodology was not changed. As titanium yielded no deformation differences, it 
is most likely that these results to be insignificant. A potential method to validate the data would be 
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to take an average over more data points on the femoral stem and bone to get a more complete 
picture of the surface area interactions.  
 
We can utilise knowledge of material science to assist in validating and supporting the notion that 
polymer coatings may yield a benefit if pre-cooled. Polymers feature significantly higher coefficients 
of thermal expansion when compared to the traditional materials. As discussed in the literature 
review, the equation for the change in interference due to temperature control can be found with;  
 
     (Dornfield 2004) 
 
Where R is the original radius, ∝ is the coefficient of thermal expansion and ∆𝑇 is the temperature 
changing being applied. The higher coefficients of thermal expansion make polymers experience a far 
more significant volumetric change as a result of temperature changes. The volumetric changes of the 
polymers were able to yield measurable results of approximately 3-5%. The temperature control 
simulation was able to validate the current industry stance and resistance to pre-cooling, whilst also 
validating the approach the pre-cooling may be beneficial if a polymer femoral stem or polymer 
coating is used in the future.  
 
Personal communications with dissertation supervisor Dr Steven Goh and industry orthopaedic 
surgeons showed a significant resistance to pre-cooling prosthetic hips. Further interrogation of this 
resistance showed the key reservation was a perceived lack of benefit for potential risks involved and 
an added step. From this consult, it was learned that the surgeon was a significant supporter of 
titanium femoral stems. The FEA results clearly showed that pre-cooling a titanium stem to 
refrigeration temperatures yielded no significant benefit and highly support the current views of 
industry. The key difference of this study and current industry practice is that it seeks to use an 
innovative solution, by utilising polymers as the primary contact interface as opposed to titanium or 
ceramics.  
 
8.2.3 Loaded condition  
The stem has been tried in a loaded state to test stress distribution. The loaded condition included 
forces in the X,Y and Z planes as would be experienced in the human body. The anticipated results of 
this simulation were that higher stresses would be induced on the bone as a result of the LDPE coating 
when compared to titanium.  
 
The result of the simulation has shown that the differences of force distribution was negligible after 
the press fit. An interrogation of the results shows that after once the press fit was in place, the implant 
is in a state of equilibrium. The addition of the forces in a static structural loading state triggered 
similar outcomes. The results of this simulation highlight a key limitation of the study. The static 
equilibrium simulation does not take into account other physical phenomena such as shock loading.  
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Though the loaded condition simulation did not yield the expected outcome, it still provided valuable 
data. The results did provide a measurable output that was not in line with expectations. The 
simulation has highlighted that more advanced simulations will be required to further support the 
hypothesis that polymer coatings could improve stress distributions and reduce the likelihood of stress 
shielding occurring.  
 
8.2.4 Structural performance  
 The structural test is critical for the feasibility of a polymer coated femoral stem. Failure to support 
the required structural loads would invalidate all proposed changes. Thus, this simulation was 
designed to examine whether the femoral stem could support the significant loads experience during 
the motion of people. Loads of approximately 8x the normal weight of the person can be experienced 
by the body. The loading condition applied was approximately 10x that of the weight of the normal 
person. It was anticipated that the polymer coating on the femoral stem would not result in a femoral 
stem unable to support the realistic forces. The full FEA is displayed in Chapter 7.7 – Structural 
performance.  
 
The results showed that at a loading condition of 10kN, the model remained safe. Some stress 
concentrations were experienced with a maximum value of 426 MPa on the lower rounded edge of 
the implant. These stress concentrations may have been a result of the model that was developed, as 
it was not provided from the manufacturer. Minimal improvements of this design, such as improved 
rounding and remove possible sharp changes in surface area would remove these concentrations. 
Regardless, the maximum stress of 426 MPa at the concentration still provided a factor of safety higher 
than two, as the titanium model has a yield stress over 900MPa and no further model refinements 
were necessary for initial validation. The factor of safety over 2 in conjunction with potential 
deficiencies that could be improved with refinements to the model make it evident that polymer-
coated femoral stem is structurally sound and would still be fit for their intended purpose.  
 
8.2.5 Pull-out force simulation  
The pull-out force simulation has been conducted to determine the change required to move the 
prosthetic. The model is limited, as it requires accuracy in the coefficient of frictions values to 
accurately predict the changes. The coefficient of friction values have been estimated in chapter 6 and 
represents the values used. Titanium had a coefficient of friction of 0.2, whereas LDPE has utilised a 
coefficient of friction of 0.15, showing the reduction due to their material properties.   
 
The pull-out force simulations show that the Titanium requires twice the pull-out force of LDPE. The 
pull-out forces of the other, harder polymers with different coefficients of friction, such as PEEK, will 
have a lower change, and likely to be closer to the pull-out force of titanium. The pull-out force is 
valuable as it shows how the material change will impact on other aspects of the fit. There is no data 
available for the maximum and minimum pull-out forces in successful surgeries. It provides an 
indication of the changes that can be expected, which is that the polymer coatings will also reduce 
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pull-out force. The pull-out force of 2.85 kN (approximately 300 kg of load) found for Titanium aligns 
with the study conducted by Tijou et al. 2016 which drew correlations between impact data and pull-
out forces.  
 
 
8.2.6 Motion simulation  
The purpose of a motion simulation was to quantify the theoretical material that predicts improved 
bone-surface (tribology interactions). The tribology study made it evident that improved tribological 
interactions could be obtained by having more similar hardness values. The outcomes of the tribology 
study show that similar hardness values can reduce particle crushing and particle hiding, which result 
in the release of particulate matter. The potential benefits are immense, as less particulate matter 
would reduce the risk of poly. In addition, it can improve the load support and reduce substrate 
deformation. The FEA was to be conducted with a motion-based element in order to predict and 
further validate this theory.  
 
The motion simulation was conducted by applying a time-based displacement and load to provide a 
simulation of movement. Though this would not exactly replicate the insertion process as this is not 
an impact analysis, it would clearly display surface interactions. The motion simulation conduct 
displayed no generation of stress, strain or displacement and clearly could not be considered a 
credible simulation that could be interrogated. Though the validation through simulation was 
unsuccessful, the theoretical data still remains valid. An FEA expert may still be able to produce 
simulations that can replicate the desired tribological simulations. Even without the motion 
simulation, deformation and stress distributions could still be clearly identified and a benefit could be 
identified. The failed simulation does not take away from the rest of the project and can be utilised 
for ongoing work.  
 
 
8.3 Limitations of the work 
There are several limitations that come in conjunction with an FEA and with a feasibility study. 
Importantly, the objective of this study was to demonstrate the polymer coated femoral stems are 
feasible and will yield positive results if researched further. The material selection and FEA have clearly 
shown that temperature-controlled polymer coated femoral stems may yield positive results in life 
expectancy of implants.  
 
One of the major limitations of an FEA on the human hip is being able to provide accurate loading 
conditions and angles that realistically simulate the physiological loading conditions experienced in 
day-to-day life. Dynamic loading conditions experienced during running, jumping can be extremely 
difficult to accurately predict and difficult to simulate, however, would generally yield a better 
outcome. Based upon skill level as well as time constraints, simplified static loading conditions were 
applied.  
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A key property that has not been examined is shock loading conditions. Shock is experienced in the 
body as a result of running, jumping or external impacts. These loading conditions are dynamic and 
have not been examined. By not including shock loading, it may make the results less favourable than 
they first appear. Polymers have a higher elasticity than metals and ceramics and hence should have 
a better shock load transfer, which will theoretically further enhance their performance when 
compared to other materials.  
 
Materials, though well studied, can still have significant variations when it comes mechanical 
properties. Variations in manufacturing, storage and transport conditions can have an impact on 
material properties which can make simulations less accurate. Variations in material properties are 
significantly heightened when it comes to properties of the human bone. Variations of bone in 
strength, porosity and density can be experienced between two people of the same age and lifestyle 
at the same bone. Variations can also be experienced between a person dependent upon where the 
bone is located. Extremely significant variations can occur between people who carry other illnesses 
or injuries. The fact that every person is different makes medicine the non-exact science that makes 
engineering a solution far harder than most other environments.  
 
The study has been conducted as a non-linear study and features large deflections. Large deformations 
are applied to replicate that once a model begins under compression, it gradually gets harder to 
compress. These properties have been applied through the ANSYS controlled large deflections and 
may be a significant area for error, particularly in the manually input properties such as PEEK.  
 
Finally, a major limitation was the ability to run complex dynamic simulations that replicate real-world 
situations. Extreme difficulties were experienced when trying to run complex motion-based 
simulations. Many of the results from this section, as previously discussed, are invalid. Minor 
variations to constrains could yield significant variations to output and require an extremely 
experienced and competent FEA expert to run successfully.  
 
8.4 Industry sentiment  
There are some key limitations and industry resistance before such a model would be accepted and 
implemented. One major industry reservation has been discussed in section 8.2.2- Temperature 
Control press-fit discussion. The industry has current reservations to pre-cooling and this was further 
validated by the FEA of titanium. The FEA showed that pre-cooling polymers could yield a significant 
benefit. It will be particularly difficult to overcome the current reservations when polymer-based 
femoral stems come into practice.  
 
The other key reservation is that the addition of a polymer coating provides another point of failure. 
This is a valid concern, particularly given experienced high profile failures in the previous decade. The 
only way to overcome this perception will be through extremely detailed and peer reviewed 
engineering studies and validation prior to this approach being taken on real patients. Though basic 
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8.5 Further work 
There is significant further work required before a model can be created and tested. This study has 
validated that the approach of polymer coated femoral stems may yield positive outcomes. It is 
important to understand that the exact manufacturing techniques to economically produce such a 
model are not fully developed. The basic feasibility of producing the model has been assessed as highly 
plausible. This determination has been made as there are approaches to applying polymer coating 
already used in industry.  
A major direction for future research is to prototype and begin practical testing. Practical testing 
should be conducted to validate all of the above findings and before live testing is conducted. It is 
important to ensure that the highest likelihood of success is obtained to ensure that the utmost ethical 
standards are maintained for live testing.   
A major area for further work in the prosthetic industry is developing a model that can provide live 
feedback during surgery. Industry professionals have clearly indicated that if they were able to have a 
mock implant that could provide position and force data during insertion that an immediate need 
would be fulfilled. The development of such a prosthetic has been asked for by the industry and would 
require extensive multi-disciplinary inputs for successful development. Development of such a tool 
would also be useful in determining optimal values for impact force during insertion and could define 
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Chapter 9: Conclusion and further work 
9.1 Project overview  
Improving on prosthetic hip implants is crucial for improving quality of life for over 70,000 people in 
Australia each year. A review of the Australian Orthopaedic Data was conducted which determined 
that aseptic loosening of the femoral stem was the primary cause of failure in Australia. By a review 
of literature, it was found that the use of polymers could be used to improve the tribo-performance 
as well as improve on the bone-implant interaction, minimising the risk of aseptic loosening (the 
leading cause of failure in Australia). Thus, the aim of this study was to propose changes to the femoral 
stem and insertion process to improve performance of the stem and patient outcomes. The study was 
conducted to answer two research questions; 
• Can polymer coatings on femoral stem hip inserts produce improved bone surface 
interactions, reduce mechanical damage, and improve force distributions between implants 
and the natural bone  
• Can pre-cooling to standard refrigeration temperatures produce measurably improved force 
distributions between femoral stems and the natural bone 
 
In order to answer these research questions, a theoretically based material selection was conducted 
with the intent of optimising tribology and bone-surface interactions and reducing the risk of stress 
shielding by improving stress and displacement distributions. The key selection criteria of the material 
was via comparison to their similarity to that of bone. In order to validate the theory, a FEA was 
conducted in ANSYS to simulate and give quantifiable data. A comparison of forces and deformation 
has been conducted between titanium, zirconia and the proposed polymers.  
 
The implications of positive outcomes and material could be globally reaching. Improved surface 
interactions can reduce the likelihood of mechanical damage, stress shielding and wear debris. In turn, 
decreasing patient recovery time and pain endured by these procedures. A reduction in mechanical 
damage during surgery will reduce the likelihood of total failures that require a total revision to be 
conducted, hence improving outcomes and reducing the economic burden.  
 
 
9.2 Methodology to answer research questions   
The project has been able to answer the research questions based upon a material selection and FEA 
modelling simulations. The material selection was based around the fact that the ideal material for 
human bone is human bone itself, therefore matching the properties of implants as close as possible 
would yield the best results. The material selection has ranked materials based on how similar they 
are to be bone, which will yield the best performance. The theoretical study has also shown that tribo-
performance will be improved when the hardness of the materials in contact is similar, which is only 
achieved through the use of polymers. The theoretical material selection has shown that polymers 
will yield improved results when compared to traditional, hard materials such as titanium and 
ceramics. The investigation into coefficients of thermal expansion and shrink fits have also revealed 
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that the high coefficients of thermal expansion of polymers will see far more significant changes that 
the traditional materials, making pre-cooling likely to yield improved results. The purely theoretical 
material selection has shown that polymers will produce less deformation on the bone, improve stress 
distributions and provided positive outcomes from a pre-cooling shrink fit approach.  
 
Validation of the theory is critical to draw positive conclusions from the study. Validation has occurred 
through ANSYS FEA simulations. The simulations have been conducted to quantify variations in stress 
and deformation distributions on the femoral stems and the bone. The simulations show where the 
mechanical damage and stress occurs and whether or not it has been improved upon by the material 
change. A reduction in deformation on the femur and higher stress indicate that less damage has 
occurred and stress-sharing has occurred, which is the ideal outcome. Structural simulations have 




9.3 Project outcomes summary  
The material selection showed PEEK has the most similar material properties to that of bone. During 
simulation, it was shown that simply matching the properties of bone would not necessarily yield the 
best results, with LDPE having the most even distribution of stresses and producing the least 
deformation of the bone. With an even distribution of forces, the likelihood of stress shielding has 
been minimised and the mechanical damage to the bone has been reduced. In contrary to the material 
selection, the LDPE coating was the highest performing material selection based upon the simulations 
data due to the increased reduction if deformations and even force distributions. The low hardness 
scores are supported by theory that indicate the bone-surface interactions will be improved as well. 
The positive results in the FEA indicate that polymer coatings could improve the bone surface 
interactions and reduce the mechanical damage on the bone. As this is an initial feasibility study and 
has limitations, further study is required in this field, however positive outcomes are anticipated.  
 
The results of pre-cooling showed that on average, at a refrigeration temperature of 5oC, the polymer 
materials could reduce the deformation experienced on the stem and the bone by 3-5%. This simple 
step reduces the physical size, reducing the likelihood of excess damage during insertion. The process 
changes to prosthetic insertion only showed relevance to polymers which experienced significant 
volumetric size changes with temperature, particularly when compared to titanium. This step yielded 
little benefit on titanium and ceramics and carries no benefit for the potential risk of temperature 
induced damage to the femur. Through the FEA conducted, it is evident that pre-cooling may be 
relevant in the future if material changes occur within prosthetics but based upon the current industry 
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9.4 Project limitations and further work  
Finite Element Analysis is a valuable and widely used tool in engineering and designing. Though a 
valuable tool and provide indications of the real-world response, FEA simulations are still limited and 
cannot replicate all of the complexities and different scenarios that the human body is exposed to. 
This project does show that polymer coatings are feasible and can be used to justify the further work 
required. Extensive work is still required to protype and test the proposed material changes as well 
provide detailed analysis into manufacturing methods and a cost benefit analysis.  
 
Further work is required to change the industry sentiment and resistance to these changes before 
they can be implemented. The key resistance includes the perception that polymers cannot achieve 
porosity control similar to that of titanium as well as overcoming the risks of having an additional 
component that could fail.  Through detailed design, testing and analysis this perception can be 
overcome in the future.  
 
During the literature review, several research questions were identified, however not all questions 
could be researched. A future direction of the prosthetic industry is to develop a trial prosthetic that 
can provide real time data back to the surgeon. The development of such a prosthetic has been asked 
for by the industry and would require extensive multi-disciplinary inputs for successful development. 
Development of such a tool would also be useful in determining optimal values for impact force during 
insertion and could define the correlating pull-out force. To build upon this study, practical testing 




9.5 Project conclusion  
Through a review of literature, a theory-based material selection and an FEA conducted through 
ANSYS, successful conclusions can be drawn. The two key research questions have been successfully 
answered, both with positive implications. The research shows that pre-cooling polymer coatings may 
reduce mechanical damage and improve patient outcomes. The research conducted is not finite and 
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Chapter 11: Appendices  
11.1.1 Project specification  
ENG4111/4112 RESEARCH PROJECT SPECIFICAITON 
A comprehensive review of Australian Orthopaedic Association failure data and 
common failure mode redesign 
 
For:   Chris Snook 
 
Title:  Feasibility of polymer coated femoral stems and pre-cooling for improved tribo-
performance and stress distribution 
 
Major:  Mechanical Engineering 
 
Supervisor:  Dr. Steven Goh 
 
Funding:  Self-funded/Uni supported 
 
Enrolment:  ENG4111 – Online S1, 2020 
  ENG4112 – Online S2, 2020 
 
Project aim:  To assess and quantify the validity of polymer coated, pre-lubricating and pre-
cooling femoral stems to improve the mechanical aspects of a total hip arthroplasty 
 
Programme: Version 3, 22nd May, 2020 
 
1. Research background information relating to prosthetic hips, design, materials, modes of 
insertion, failure modes and impacts on young patients.  
 
2. Analyse the Australian Orthopaedic association data on prosthetic hips failures 
 
3. Provide outcomes of the literature review and AOA data in preliminary section  
 
4. Propose several improvements that can be made  
 
5. Identify one to three practical solutions to further test (research questions) 
 
6. Conduct material selection and FEA as a desktop study (ANSYS and CREO Simulate 6.0) 
 
7. Prepare report, presenting statistical findings and present redesign/solutions for the femoral 
stem component 
 
If time and resource permits: 
 
8. Build and test model  
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Project specification - resources submission  
11.1.2 Managing project resources  
I have recently relocated to Karratha, WA. Karratha is a remote town, 1500+ km from Perth and 
founded largely off the WA resource industry. In making this decision, what limited resources that 
would have been available in Perth, WA have been reduced further. As a result, the project is being 
developed on the back of the current situation.  
 
There are two key resources required to complete the proposed study. The first is access to the 
Australian Orthopaedic Association (AOA) data. This information has been posted for free on the 
AOA website in the form of an annual report every year. The other major key resource that will be 
required is software to complete a Finite Element Analysis. Two forms of software are required, 
ANSYS and Creo Simulate. Creo is an extremely powerful and advanced modelling and simulation 
software package, with uses in structural and heat loading situations. This has been available as a 
student edition free by the University and training has been undertaken in the form of solid 
modelling and computational mechanics in design. ANSYS has been provided by the University, 
however no formal training has been conducted during the degree. ANSYS will be used to conduct 
studies relating to fluid properties and their interactions.  
 
The basics of modern life are not considered relevant for this project. The project will require time, 
electricity and a stable internet connection. At present, the required resources should all be 
available, there is no requirement to submit requests for resources or any form of ethical waivers. 
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11.1.3 Project Gantt Chart  
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The project features a number of key milestones. These include; 
• Introduction and literature review 
• Australian Orthopaedic Data review 
• Material selection and tribology study 
• Methodology 
• Finite Element Analysis 
• Analysis of results 
• Validation of results 
• Compiling the report 
• Thesis presentation  
• Improving the report based on feedback 
Each section plays a key role in the completion of the project. It is noted on the Gannt Chart that 
many of the section overlap, for example the report is being complied while most other steps. Many 
of these milestones have already had substantial progress made, which is noted in their completion 
percentages. The results are being analysed as the FEA comes in, as this mitigates the risk of poor 
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PTFE 5.97 3.8 1.95 4.06 4.08 3.972 
  6 4.36 2.56 5.68 3.38 4.396 
Polypropylene 7.54 7.54 2.04 6.8 8.75 6.534 
  7.55 5.98 4.12 5.53 8.02 6.24 
Peek 7.89 5.7 1.65 17.59 6.58 7.882 
 23.6 19 21.17 16.4 17.9 19.614 
